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DEVELOPMENT OF A SORBER TRACE CONTAMINANT CONTROL SYSTEM
INCLUDING PRE- AND POST-SORBERS FOR A CATATYTIC OXIDIZER

BY THOMAS M. OLCOTIT

BIOTECHNOLOGY
LOCKHEED MISSILES & SPACE CO.

SUMMARY

A program was conduéted which resulted in the development and preliminary
design of regenerative and non-regenerative charcoal sorbent beds. These
elements of a trace contaminant control system were integrated with an
isotope heated catalytic oxidizer system, with pre- and post-sorbent beds,
that had been developed under previous NASA contracts. These previous '
efforts were accomplished under NAS 1-6256 and NAS 1-7433, and are reported
in NASA CR 66346, CR 66347 and CR 66739.

The contaminant load generation rates developed during these previous
studies were reviewed and refined. The original equipment production rate
data were based on Apollo off-gassing data for a li-day mission. These rates
were modified in thils study to account for the decrease in off-gassing that
will occur with extended mission time.

The allowable contaminant levels were also modified to be consistent
with the recommendations of the National Academy of Sciences Panel on Air
Standards for Manned Space Flight.

The adsorption process in a carbon bed was defined for system design
purposes and experiment data were taken to provide design information on
carbon beds. The approach used in this phase of the effort was to treat
the carbon bed as two elements defined as the saturated layer and the adsorp-
tion zone. The performance of the saturated layer portion of the carbon bed
can be predicted by use of the potential plot which defines the equllibrium capa-
clty of various adsorbates for single contaminants. Tests were conducted to
develop potential plots for candidate adsorbates to select the carbon with
the highest capacity for the contaminants of interest. Additionsal data were



then taken on the selected carbon to establish the effects of moilsture and
phosphoric acid impregnation on the carbon bed capacity.

Based on experimental data with muwltiple contaminants, a technique was
then developed to predict carbon bed capacity in the saturated layer for
multiple contaminants. The performance of the adsorption zomne portion of
carbon beds was established experimentally by making plots of the time to
break through or service time of various contaminants as a function of the
bed length. An extrapolation of these data to a service time of zero deter-
mines the adsorption zone length for a given contaminant, adsorbate and
velocity. These data were obtalned for a variety of contaminants singly
and in groups. It was concluded from these data that the adsorption zone
length could be related to the potential parameter and that complete co-
existence between contaminants occurred in the adsorption zone. The final
experimental Investigation required to develop the regenerable sorbent bed
design was the determination of the desorption characteristics of the carbon.
A number of tests were run on various contaminants which were exposed to
mltiple adsorption/desorption cycles to determine what conditions are required
to achieve no build up in residule contaminant at the end of the desorption
cycle,

The concluslons of these tests are that for contaminants with a molar
volume greater than 185, thermal and vacuum desorption is inadequate. For
contaminants in the molar volume region between 80 and 185, adequate desorp-
tion can be achieved at desorption conditions of 2 hours at ].O"lL mm Hg vacuum
and EOOOC temperature. For molar volumes less than 80, adequate desorption
can be achieved at desorption conditions of 2 hours at 10 mm Hg vacuum and

100°C temperature.

The program also developed a design methodology for sizing carbon beds
utilizing the results of the experimental data. A computer program was
developed to perform the calculations required for carbon bed sizing. With
the ald of the computer program, several candidate systems were evaluated.
An optimizacion study was then conducted comparing total equivalent weight
to determine the best system concept. The selected system consisted of a



high flow (76 CPM) fixed bed containing charcoal impregnated with phosphoric
acid for control of ammonia and high molar volume contaminants. A low flow

(3 CPM) loop was provided in parallel with the fixed bed contalning a regenera-
tive bed, and a catalytic oxidizer with pre- and post-sorbent beds.

A 1/10 scale model of the system was then fabricated and evaluated
for over 180 days of continuous operation. The results of this test indi-
cated that the system performed satisfactorlly; however, certain modifications
were required In the design procedure. The test results indicated that the
veloclty correlation factor utilized to determine adsorption zone length
needed to be modified from velocity to the 0.5 pawer to velocity to the
1.0 power.

Utilizing the modified design procedure, the design of a full=-scale
system, sized for a 12-man crew with a 180-day resupply, was determined.
Layout drawings of these system components were then developed.



INTRODUCTION

The development of an isotope-heated catalytic oxidizer for control
of trace contaminants was initiated in 1966 under Contract NAS 1-6256.
This contract between the Lockheed Missiles & Space Compeny (IMSC) with
TRW Systems as a major subcontractor, and the NASA-Langley Research Center
resulted in engineering layout drawings of the selected approach and long
term testing of a model system. The results of this effort are described
in NASA CR 66346, NASA CR 66347 and NASA CR 66497. The tasks accomplished
under NAS 1-6256 included the following:
Mission Definition
Contaminant Load Definition
Isotope Selection
Catalyst Selection
Catalyst Performance Tests
Analysis and Optimization
Design Layout Drawings
Development Plan

0O 0O 0o 0O 0 0 0 o

Following the conclusion of this program, the NASA-Langley Research
Center directed IMSC to continue this development program under Contract
NAS 1-7433. This effort was initiated in 1968. TRW Systems was also a
major subcontractor in thils additional effort. The program conducted under
NAS 1-T433 is reported in NASA CR 66739 and dealt with additional develop-
ment of the isotope-heated catalytic oxidizer system including detailed
design of a unit utilizing a resistively heated simulated isotope and
development and detailed design of pre- and post-sorbent beds. The tasks
involved in this program are shown below:

o Contaminant load definition for a pre-~ and post-sorbent bed
Design and fabrication of a model pre-sorbent bed
Long term sorbent bed evaluation
D2sign and fabrication of a model post~sorbent bed
Detailed design of full scale pre- and post-sorbent beds

0O ©0 0 o



Specifications for the isotope heat source materials of construction

Joining and fabrication tests on the isotope heat source materials
of construction

Fabrication and evaluation of the test heater to be used in the
simulated isotope heat source

Competibllity tests to determine the extent of interdiffusion be-
tween the graphite reentry ald and the noble metal cladding

Fabrication and evaluation of the thermal insulation to be used in
the isotope-heated catalytic oxidizer

Detailed design of the isotope-heated catalytic oxidizer including
the resistively heated simulated isotope heat source.

The obJjective of the effort described in this report was to expand the
development of the catalytic oxidizer trace contaminant control system

developed under these previous NASA contracts to ineclude the remaining

elements of a complete spacecraft contaminant control system which include

regenerable and non-regenerable charcoal sorbent beds.

This effort was continued under NAS 1-9242 for the NASA-Langley Research
Center by IMSC in 1969, with MSAR as a major subcontractor. The tasks in-
volved in this phase of the program are shown below and are described in
detall in this report:

O 0O 0o O o

Contaminant Load Review and Refinement
Establishing Carbon Bed Performance Characteristics
System Analysis and Optimization

Long-Term Model System Testing

Full-Scale System Preliminary Design



REVISED CONTAMINANT MODEL

The original contaminant load developed in Contract NAS 1-6256 was
reviewed during this program and revised to reflect a change in the nominal
crew size from 9 to 12 men, and to take into account the fact that the original
estimates made no allowance for the reduction in equipment contaminant off-
gassing as a function of time. The allowable contaminant levels were also
modified to reflect the latest data of the panel on Air Standards for Manned
Space Flight of the Space Science Board, National Academy of Sciences(l).

The revised contaminant model i1s shown in Table 1; also Included in this
table are the original equipment contaminant production rates generated

during NAS 1-6256.
Biological Contaminants

The blologically produced contaminant production rates were based on a
12-man crew size. The production rates for pyruvic acid, ethyl alcohol,
methyl alcohol, nu~butyl alcohol, acetone, and acetaldehyde were based on
the experimental measurements of R. A. Dora, et al(e). In these tests, a
number of subjects were enclosed in bags, and the contaminant build-up rates
were noted. The average rates observed were used in Table 1. The presence
of these contaminants in the effluents of man has been observed by other
investigations(3). The ammonia production rate was based primarily on data
in the NASA Life Sciences Data Book on the concentration of ammonia in sweat
with some allowance for ammonia production from urine. Carbon monoxide and
methane production rates were bhased on experimental bulldup data from closed
system tests and data in the NASA Life Scilences Data Book. Hydrogen production
was based on literature values for the quantity of hydrogen in human flatus.
The indole production was based on a fractlon of the indole content of human
feces.

For those contaminants cited in the literature as known biological
contaminants, such as caprylic acid, ethyl mercaptan, methyl mercaptan,
propyl mercaptan, valeraldehyde, and valeric acid, for which no rate data
are available, a rate consistent with Dora's production rates for similar

compounds was established.



REVISED CONTAMINANT MODEL

- . Contaminant -
Acetans 0016
Acetaldsiyde
Acetic Acid
Acetylana
Acetanitrile
Acrolein
Allyl Alcohol

Ammonia
Amyl Acetate
Amyl. Alsohol
Bantene

cis-Butene-2

trans-Butene-2

1.3 Butadiene

180-Butylens

n-Butyl Alcohol 016
1s0-Butyl Alcahol

sec-Butyl Alcahol

tert-Butyl Alcohol

Butyl Acetate

Butraldehyde

Butyric Acid

Carbon Disulphide

Carbon Monoxide 0.400
Carbon Tetrachloride

Carbanyl Sulphide

Chlarine

1, 1 Dimethyl Cyclohexane

trano 1, 2, Dimethyl Cyclchexane

2,2 Dimethyl Butane

Dimethyl Sulfide

1,1 Dichloroethane

Di-iso-Butyl Ketone

1,4 Dioxane

Dimethyl Furane

Dimethyl Hydrazine

Ethnane

Ethyl Alcohol 0.048
Ethyl Acetate

Ethyl Acetylene

Ethyl Dichloride (1,2 Dichloro ethene)
Bthyl Ether

Ethylene Glycol

trans 1, Methyl 3, Ethyl Cyclohexane

Bthyl Sulfide

Bthyl Mercaptan 0.010

Hydrogen 0.600
Hydrogen Chloride

Table 1
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Table 1 (Continued)

Initial Average
12-Man Max () tnar 1
-] Nominal Maxionm
Biological Equipment Equipment Allowable
Production Hate Production Rate Production Rate Ccu:u:3
Conteminant

Hydrogen Fluoride 8 st 0.08
Hydrogen Sulfide 0.0009 1.5
Heptane S5 £l 200
Hexene-1 s 8’ 160
n-Hexene P P! 1%
Hexamethylcyclotrisilaxane s g 240
Indole «300 126
Isoprens ] st 140
Methylene Chloride P Pt 21
Methyl Acetate P h:4d 61
Methyl Butyrate S EY 30
Methyl Chloride 8 kY 21
Methyl-1 Butene S s 1430
Methyl Chloroform P P 1

1 Furane S st 3
Methyl Ethyl Kstone P P 53
Methyl Isobutyl Ketone s 5 41
Methyl Isopropyl Ketone P P 0
Hathyl Cyclchexane S st 200
Mathyl Acetylene s st 165
Methyl Alcohol 0.017 P P? 26
3-Methyl Fentane s 81 295
Methyl Mathacrylate 8 8! L%
Mathane 7.2 29.50 2.95 1720
Meaitylene s s 2.5
mono-Nethyl Hydrazine E s 0.035
Methyl Mercaptan 0.010
Napthalene s st 5
Ritrie Oxide 8 s 32
Ritrogen Tetroxide S s 1.8
Nitrogen Diaxide s st 0.9
Nitrous Oxide 8 s 235
Propylene P P 180
iso-Fentane P P 295
n-Pentane P P 295
Fentene-1 3 s 180
Pentane-2 3 s 18
Propane P P 180
n-Propyl Acetate 8 st 8L
n-Propyl Alcohol P P 75
iso-Propyl Alcohol P P 98
n-Propyl Benzene S st L
1so-Propyl Chloride 3 s* 260
is0-Propyl Ether s s 120
Propiooaldehyde E] st 30
Propicoic Acid S s 15
Propyl Mercaptan 0,010 82
Propylene Aldehyde S st 10
Byruvic Acld 2.51 0.9
Phanol 5 s 1.9
Skatol 0.300 s s 1
Sulfur Dicxide s s 0.8
Styrene s st L2
Tetrachloroethylens s st 67
Tetrafluorecthylene s st 205
Tetrahydrofurane s S 59
Tolusna 5 S 75
Trichiorcethylene P P 52
1,2,4 Trimethyl Benzene S 5! ko
1,1,3 Trimethyl Cyclohexane s st 140
Valeraldehyde 0.010 T0
Valeric Acid 0.010 110
Vinyl Chloride P Pt 130
Vinyl Methyl Ether S st 60
Vinyldene Chloride s 31 20
O-xylene P Pr by
M-xylene P P! 4
P-xylene P P I

(v Where arbitrary equipment production rates bave been assigned, based on a percentage of the total, symbols
have been utilized to designate these rates, Conteminants with the symbol P are comsidered primary equiiment
off-gessing contaminants, and those with the symbol 8 are considered secondary contaminants. The prime
indicates the reduced rates. The rates utilized in the design studies are P = 2.5 gms/day, S = 0.25 gms/day,
P' =0.25 gne/day, S' = 0.025 gms/day.



Non-Biological Contaminants

In the original IHCOS study, the total production rate of non-biological
contaminants was based on an extrapolation of experimental data from out-
gassing of Apollo equipment. These datae were extrapolated to a typical space
station; however, no allowance was made in the original IHCOS study for the
fact that the Apollo outgassing rates were based on a fourteen day mission
and that the space station mission would be considerably longer. Due to this
longer total exposure, 1t is anticipated that the average total daily contami-
nant production rate would be reduced. A review of available material on off-
gassing studles was made to determine if any pertinent data existed. The most
appropriate data from which an estimate of this effect can be made were taken
by Cox and Smith. In thelr studiles, 22 samples of representative space cabin
organic materials were investigated. These materlals were placed in a bell jar,
and the contaminant off-gassing rate was monitored as a function of time. The
average off-gassing rate as a function of time for the 20 materials 1s presented
in Figure 1. The experimental data were obtalned for a time period of 45 days
and extrapolated to 180 days.

Based on these data, an average off-gassing rate was established for the first
14 days, and an average rate was determined for 180 days. The ratio of these two
rates was approximately 4.9. Thus, the average production rate developed utilizing
Apollo data could be as much as 4.9 times the average rate anticipated for 180 days.

The original IHCOS contaminant load assumed for a space station included a
total estimated equipment load of 50 grams/day. The individual maximum contaminant
equipment production rates were assumed as an arbitrary percent of this total;
however, the sum of these individual maximum rates was In excess of 50 grams/day
(i.e., 168 grams/day). In order to size a sorbent bed system for the total design
contaminant load, 1t is necessary to have a model of the contaminant load
utilizing nomiral individual rates. The individual maximum rates could still
be utilized to establish the sorbent bed flow rate requirements. The variation
in these maximum rates to bring the total in line with a 50 grams/day total
production rate would be a reduction by a factor of 3.37. Combining this factor
with the reduction related to the change in production rate with time, yields a
potential reduction factor of 16.5.
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The IHCOS contaminant load was compared with the contaminant model used
in the AILSS study. The total number of contaminants used in the AILSS model
was quite small and probably unrealistic for a space station. The individual
equipment production rates of those contaminants were compared with the
individual THCOS rates for the same contaminants. The total IHCOS rate for
these 10 contaminants is 16.5 times the total AILSS rate. This, however, is
heavily influenced by methane which is over one~half of the total IHCOS rate
for these 10 contaminants. Not considering methane, the IHCOS rate for the
remaining 9 contaminants is T.4t times the AILSS rate. Based on the above
considerations, it appears that justification exists for reducing the maximum
individual IHCOS equipment production rates by a factor of between 7 and 16
to obtain nominal rates to be used for the sorbent bed design. It was, there-
fore, decided to reduce the IHCOS equipment rates by a factor of 10. These
data are shown in Table 1. It should be recognized that this reduction is
primarily based on the fact that the contaminant off-gassing rate will decrease
with time. This means that the nominal production rates presented in Table 1
actually represent average rates throughout the mission. In reality, production
rates will be higher initially and lower at the end of the mission. Therefore,
average or nominal rates are suitable for slzing expendable sorbent beds but
system flow rates should be based on the initial or maximum production rates.
Also, the quantity of sorbent required for regenerative sorbent beds should
be based on initial or maximum production rates. Thus, the nominal rates
presented in Table 1 were used for sizing the expendable beds, and the nominal
equipment, production rates, plus the metabolic production rates, were used to

establish system flow rates and the gquantity of regenerative sorbent.

Arbitrary equipment production rates have been assigned, based on a
percentage of the total equipment rate and symbols have been utilized in
Table 1 to designate these rates. For those contaminants considered to be
primary caandidates for equipment off-gassing, the symbol P is utilized. For
those contaminants considered to be secondary candidates for equipment off-
gassing, the symbol S is used. The prime 1s used to designate the nominal
equipment production rate, which is one-tenth the maximum equipment rate.

For the design studies, the primary individual maximum equilipment rates were



taken to be 5% of the total or 2.5 grams/day, and the secondary rates were
taken to be 0.5% of the total or 0.25 grams/day. The nominal design rates
were then assumed to be one=tenth of these. The contaminants considered to
be primary were those contaminants that have been detected in several
manned systems such as spacecrafts, submarines or simulator tests. The
contaminants consldered to be secondary were those detected in only a few

manned systems or only in materlal off-gassing studies.
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CARBON BED PERFORMANCE

During the adsorption process, the adsorbate vapor distribution through
a carbon bed can take several forms, depending on the adsorbability and rate
of adsorption relative to the space velocity and bed length. Figures 2, 3,
and 4 illustrate the three common vapor distribution curves. L designates
the bed length in each case and C the vapor concentration in the bed. In
Figure 2, the vapor has just started to flow through the bed, hence, time t
is essentlially zero. This type of curve 1s obtained when the rate of adsorp-
tlon 1s very fast relative to space veloclty and bed length. Figure 3
illustrates the other extreme, where the adsorption rate is slow. In this
case, the gas could penetrate the bed immediately.

In each case, the length of the curve along the L axis measures the
length of the adsorption zone. If the vapor input is continued, the adsorption
zone of Figure 2 increases and in time, a steady state is attalned 1n a segment
of the bed. Figure 4 illustrates the steady state curve at time t, when a
steady state 1s first attained, and at time tb’ when the vapor has just started
to penetrate the bed. The service time is then tb, when penetration concentra-
tion is Cb.

For the type curve in Figure L4, the length of the adsorption zone may
be designated as I, and L~I then represents the saturated layer length. The
amount adsorbed in L-I can be calculated by use of the potential theory
equation to obtain A, the potential parameter, and then determine q, the
charcoal capacity, from the potentlal theory plot of q vs. A. h. In

the equation,

Ci is the influent concentration, as in Figures 2 to L, CS is the saturation
concentration at temperature T, and Vm 1s the molar volume of the contaminant
vapor being adsorbed. g is an equilibrium value; hence, 1s only dependent

on the contaminants adsorbability at temperature T on the particular carbon

and the relative vapor concentration Ci/cs'

13
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The adsorption zone length I may be a function of many parameters, i.e.,
space velocity, carbon perticle diameter, temperature, diffusion.EJ}‘the pores,
chemical reactions on the carbon surface and Ci/cb' I. M. Klotz 2
did theoretical studles to relate these parameters to the adsorption zone
length and derived the following equation,

I-= It+Ir

It is a function of diffusion rate of adsorbate molecules from the gas stream
to the carbon surface, and Ir is a function of processes occurring within the
pores of the carbon. The latter could be diffusion of molecules through the

pore structure and adsorption or chemilcal reaction on the carbon surface.

D c
I = 2:30 P Unm 0.k H 0.67 i
t a 2 p D log C
v b
and
c
I =k U log i
r m C

In these equations
a = superficlal area of particles per unlt bulk volume, cm2/cm3
D = mean particle diameter, cm
U = 1linear velocity of gas between particles, cm/sec
P= density of gas mixture, g/cc
¢ = viscosity of gas mixture, poise
Dv= diffusion coefficient of adsorbate vapor, cme/sec
C,= influent concentration
Cb= penetration concentration
k = a constant
when the carrier gas is 31% 0, - 69% N, at 298°C and 517 mm of Hg pressure.

1
~ —_ 0.4l 0.4 [, Ly 0.67 c c
I= { 1.55 [ a D, U, (--—Dv) Log Ci ]+ k Um}log Ci
b b

For high molecular weight vapors, (i.e., Vm 100), I= It with very little
contribution from Ir'
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For lighter molecules, It decreases relatively while Ir increases. Since
Ir cannot be determined analytically, adsorption zone length must be determined
experimentally.

There are two ways to experimentally determine the adsorption zone length:
(1) vy determining the effluent concentration curve, and (2) by determining
the adsorption zone length. The effluent concentration curve is illustrated in
Figure 5 and can be used for this purpose if the adsorption zone has attained
a steady state before 1t penetrates the bed. Then

[tc - tb] L=1I
t
(o]

Figure 6 illustrates an adsorption zone length curve. To obtain this
curve, service times (tb) are determined for progressively longer bed depths
(L). The intercept of the stralght portion of the curve with the L axis
determines I. This 1s the technique that was used in this program.

19
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Saturation Capacity of Charcoal

The following sections describe the techniques used to determine the
saturation capacity of the charcoal.

Sorbent Selection

The major portion of a contaminant adsorbed by a charcoal bed is retained
in the saturated layer. This was demonstrated experimentally and is described
in the discussion of adsorption zone length. For this reason, the equilibrium

capacity of carbon in the saturated layer is the primary gulde for selecting
the charcoal most suited for a given application. It was initially assumed

in this program that super-activated charcoal would yield the highest overall
capacity since experiments with CClh had indicated capaclity increases over other
carbons of up to 150%.

Thus, the first carbon investigated was a super-activated coconut charcoal.
A potential plot for this carbon was developed and is showm in Figure 7. The
supporting experimental data are presented in Appendix A, and the apparatus and
procedures for obtaining the data are described in Appendix B. When the complete
potential plot was obtained for the super-activated charcoal, it was observed
that the super-activated carbon had higher capacity for well-adsorbed contami-
nants than for poorly adsorbed contaminants when compered with Barnebey-Cheney
BD. The super-activated carbon is treated in a manner which opens the pore
structure resulting in increased capacity for large molecules (il.e., low A
value). For typical spacecraft requirements, only small amounts of charcoal
would be required for the removal of contaminants with small A values. The
major portion of the bed would be required for poorly adsorbed contaminants
with larger A values. The distribution of pore sizes Iin the super-activated
charcoal 1s such that the BD charcoal yields better performance in the region
of interest for spacecraft contamlnants.

When it was discovered that the BD charcoal was superior to the super-
activated, 1t was declded to investigate Pittsburgh BPL and Barnebey Cheney Gl,
which were both considered as good candidetes. No additional capacity data
were obtained on BD wince its capacity was extremely well documented. The
potential plots for the Pittsburgh BFL and Barnebey Cheney Gl are also shown

2l
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in Figure 7, and the supporting experimentsal data i1s presented in Appendix A.
Neither the Gl or the BPL charcoal appeared to be superior to the BD in the
region of interest. For this reason, BD was selected for use on the final
system design.

Since, however, a great deal of the experimental data had been taken on
the Gl carbon, it was declded to use this carbon for the comparative tests to
establish the effects of humidity and phosphoric acid impregnation. These
data were then extrapolated to the BD charcoal.

Effects of Moilsture and Impregnation

Data presented for activated charcoal are generally taken for single
contaminants and a dry gas feed. When spacecraft requirements are considered,
the desirability of selecting a 50% inlet RH is evident. Also, the use of a
Phosphoric acid treatment of the charcoal is proposed as a candidate for the
removal of ammonia gas. Impregnating charcoal with phosphoric acid can be
accomplished with no additional weight and with only a slight reduction in

overall charcoal performance.

The trade-off studies presented in a subsequent section have indicated
that this removal technique for ammonia 1s superior to providing a separate

ammonia sorbent.

Data were taken by MSAR on Gl charcoal with both humid and dry inlet
streams and with Gl charcoal treated with phosphoric acid in a humid stream
to determine the effect upon the potential plot. These data are presented
in Figure 8, and in detall in Appendix A.

Tests were conducted with both acetone and F-11 in a dry inlet feed gas.
These tests confirmed the potential plot for the charcoal. Subsequent tests
with a 50% RH inlet gas showed a negliglble reduction for acetone, a soluble
material, ard a 30% reduction in adsorption of F-11, an insoluble materiel.
Data taken with F-11 in a 50% RH carrier gas on charcoal treated with phos-
phoric acid showed a further 40 percent reduction in capacity for the insoluble
F-1l. These test results are presented in Figure 8.
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The proposed mechanism behind these results lies in the adsorption of
water by charcoal, resulting in a displacement of contaminants. In the case
of acetone, which is water soluble, the acetone dissolves in the water,
migrates to an adsorption site and is adsorbed in the charcoal, easily dis-
Placing the water which has a much higher A value. 1In the case of F-11, which
is water insoluble, the water effectively blocks the adsorption sites reducing
the capacity. Therefore, two adsorption lines are proposed for the potential
Plots, one for soluble constituent and one for insoluble ones., The postu-
lated effect of phosphoric acid is that this delequesent material increases
the blockage effects of water. For materials having a very large molar
volune and a low A value, the heat of adsorption should be sufficient to
drive water progressively from adsorption sites resulting in no decrease in
capacity for these materials. Thus, the presence of phosphoric acid would
only offset the insoluble contaminants.

Using these mechanisms and results, the potential plot for Barneby-
Cheney BD charcoal has been modified, as shown in Figure 9, to allow for the
effect of humidity and phosphoric acid for insoluble contaminants. The basic

line is assumed valid for soluble contaminants such as acetone.

Saturation Capacity for Multiple Contaminants

The potential plot presented 1n Figure 9 presents the equilibrium capacity
in the saturated layer as a function of the potential parameter A. These data
were obtained with single contaminants, and the correlation can be used to
establish the capacity of a carbon sorbate for single contaminants. A theory
is needed, however, to allow prediction of egquilibrium capacity for multiple
contaminants. The most conservative interpretation for multiple contaminant
situations would take the sum of the charcoal required by all of the contami-
nants individuslly, assuming no co-existence between contaminants. The other
1imit or optimistic view would take just the guantity of charcoal required for
the most poorly adsorbed (or the single contaminant thet required the greatest
quantity of charcoal) and assume that all other contaminants would also be
adsorbed on this quantity of charcoal. This latter approach implies complete
co-existence. In reality, the situation lies somewhere between these two limits.
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Several theories have been proposed for multiple contaminant adsorption;
however, the theory that best fits the experimental data obtained in this and
other programs 1s based on the assumption that the blockage of one contaminant
by another 1s a function of the difference in adsorption potential between the
two contaminants. Such a correlation is shown in Figure 10. The data presented
in Figure 10 were taken from mixed contaminant adsorption experiments conducted
under NAS 1-5847 and by MSAR during this effort. The data show the percentage
blockage of one contaminant as a function of the difference in adsorption
potential between the two contaminants. It appears from these data that a
linear relation exlsts and that complete blockage occurs for differences in
adsorption potential greater than 16. Two dotted lines are shown on the curve,
one indicating complete blockage at a potential difference of 11 and the other
indicating complete blockage at a potential difference of 20. These lines
represent what might be considered reasonable uncertainty in the data.

A computer program that defines the required quantity of charcoal for a
given application was developed and is described in the optimization study.
Utilizing this program, 1t was possible to determine the sensitivity of the
quantity of charcoal required to the assumed difference in adsorption potential
that results in a 100% blockage. The results of the study are shown in Figure
11 for both the fixed carbon bed and regenerative beds that were selected as
a result of the optimization study.

The results of this sensitivity analysis indicated that in the region of
eritical (i.e., AA at 100% blockage), the effect on the
required quantity of charcoal is less than 10%. A high AA

uncertainty in AA

eritical represents

a high degree of co-existence and hence the minimum amount of charcoal required,

whereas an AA of zero represents no co-existence and hence the maxi-
critical

mum quantity of charcoal required. TI{ appears from Figure 11 that if A’Acritical

is greater than 10, it has little effect on the required quantity of charcoal.
Determination of the Adsorption Zone

In the determination of activated charcoal requlred for the removel of
trace contaminants, two areas of adsorption are of interest. These are the

saturated layer of the bed, which is discussed in the previous sections, and
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the adsorption zone. The thickness of the adsorption zone was previously

defined by the following equetion:
-)-I'l ol"l 1 007

- 2 L Cy
I=1.55|-20D U (DV) + KU |Llog -
b

This equation shows that the critical parameters in the definition of the

adsorption zone are:
a = superficial particle area

Dp = particle diameter

Um = gas velocity

Dy, = vapor diffusivity

Cb = penetration concentration
k = a constant

Since all of the varlables are not known in the above equation, it 1is necessary
to obtaln experimental data to establish the length or quantity of charcoal
required in the adsorption zone. For a given charcoel and linear velocity,

all of the variables relating to the adsorption zone length are constant with
the exception of the vapor diffusivity (Dv ) and the penetration concentra-
tion (C.D). The vapor diffusivity (D, ) is strongly related to the molar
volune, and, therefore, it was decided to attempt to correlate the adsorption
length for various contaminants as a function of the potential parameter A.
This parameter was chosen since 1t involved both concentration and molar volume.

Adsorption zone length data were taken for both Freon 11 and Acetone and
are presented in Figure 12 as a function of A value. The adsorption zone
length life curves for Freon 1l and acetone from which the adsorption zone
data were derived are presented in Figures 13 and 14k. The adsorption zone
length is established by the intercept between an extension of the linear
portion of the curve and the carbon bed length. This is because the linear
portion of the curve represents the saturated layer and, thus, the remainder
of the bed is the adsorption zone. The slopes of the linear curves were deter-
mined from the capacity data. These slopes were then matched with the
experimentally obtained adsorption zone length curves.
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The data presented in Figure 12 are for a linear velocity of 1.3 ft/min.
Klotz 's equation indicates that the adsorption zone length varies somewhere
between U 0.k and Uh}'o. Experimental evidence at this point indicates that

Umé's yields the best correlation.

To accomplish a sorbent bed design, it is necessary to know what the
adsorption zone length 1s for multiple contaminants. To establish thils, adsorp-
tion zone length curves were obtained for a mixture of contaminants. A mixture
of Freon 11, acetone and methylcyclohexane were used for this study, and
adsorption zone curves were established for (1) Fll with acetone, (2) F11 with
acetone and methylcyclohexane, (3) Acetone with F11 and (4) Acetone with F11 and
methylcyclohexane. These data are presented in Figures 15 through 18.

It was anticipated that the effect of increasing the number of contami-
nants would tend to increase the adsorpticn zone length. The adsorption zone
data for acetone bore this out. Acetone singly had an adsorption zone length
of ¢.47 cm while the adsorption zone for acetone increased slightly to 0.62 cm
with the addition of Freon 11. The adsorption zone for acetone increased a
little further to 0.65 cm when methylcyclohexane was added to the mixture.

The experimental results with Freon 11, however, were contrary to what was
anticipated. The adsorption zone length for Freon 11 singly was 0.62 cm;
however, the adsorption zone decreased to 0.49 cm with acetone and remained
at 0.49 cm with the addition of methylcyclohexane. While acetone and Freon 11
did not behave as antlcipated, it appears as if one can draw the conclusion
that going to multiple contaminants produces no significant effect on the
adsorption zone length and that probably nearly complete co-exlstence occurs
in the adsorption zone. The reason for the shift in experimental results
from acetone to Freon 1l can probably be attributed to data scatter. It 1s
also evident from these data that the adsorption zone length required is less
than 1 inch and is, therefore, a very small portion of the total bed length.
Thus, for this particular application, uncertainties in the adsorption zone

length are not of great concern.
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Charcoal Desorption

The regeneration of charcoal is an important factor in reducing the
weight of & trace contaminant removal system. An experimental investigation
was conducted to establish the conditions under which contaminants could be

successfully regenerated under vacuum and heating conditions.

The test results have shown that materials which are very strongly
adsorbed cannot be completely desorbed from activated carbon using a heat
and vacuum cycle. Attempts to desorb diisobutol ketone showed a residusl
loading after several hours of desorption at 200°C and vacuum. Runs made
with caprylic acid also show thils residual loading. As these runs were
performed at high sorbent loadings and as spacecraft conditions will result
in low loadings, it is felt that the residual in these desorption experiments
will be in the same order as the actual operating conditions in a spacecraft.
Thus, it is expected that materials with a high molar volume (Vm.>185) may
not be desorbed by heating and vacuum.

Data taken on n-octone (Vm = 180) and below indicate that desorption of
these materials is possible. Desorption time of 1 to 2 hours seem adequate
to completely remove the adsorbed materials.

In order to assess the desorption of weakly adsorbed material, cyclic
desorption tests were run on acetone. These runs showed that capacity is
not decreased measurably over several cycles at a desorption temperature of
100°. However, reducing the temperature to 25°C resulted 1n very poor de-
sorption, even with desorption periods as high as 8 hours. Tests with
acrolein showed a tendency of this material to polermerize. No tests were
conducted with this material at low concentrations which should eliminate
this problem.

In summary, desorption tests have shown that contaminants in the Vm
range of 180 to 80 are satisfactorily desorbed at 200°C over a 2-hour period
and that 100°C and 2 hours is adequate for those contaminants with a molar
volume of less than 80.

The following sections describe these experimental Investigations.
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Regeneration of Carbons Exposed to Contaminants with V;[>80.- The regeneration
of the carbons exposed to contaminants with high molar volumes was conducted
at 200°C under vacuum between 1.0-)+ and 1072 m of Hg pressure. One or more
hours of heat treatment was applied during each regeneratlion. The adsorption
phase was carried out at atmospheric pressure with dry nltrogen as carrier gas
for the contaminant. To obtain the gas mixture, nitrogen was metered through
the liquid contaminant in a bubbler and the mixture diluted further with metered
nitrogen. The gas flows were varied between 1.93 and 2.3 1l/min for carbon bed

of 2.83 cm? area.

At the concentrations employed, the amount of contaminant adsorbed varied
between 30% to 75% by welght as compared to the 1% expected adsorption during
actual application. For this reason, the regeneration was not considered
successful unless the contaminant was completely desorbed, i.e., to less than
0.1 mg/g.

To prepare the carbons for the regeneration experiment, they were given
a prior treatment identical to the one received during the regeneration. In
this way, a reliable initial weight of the carbon and adsorption tube was
obtained.

Table 2 presents results, and also conditions, of a number of regeneration
runs. It is certain that n-octane (Vm = 180} and contaminants lower than Vm = 180

can be completely desorbed in a reasonable length of time. Complete desorption
of caprylic acid (Vh = 197) is doubtful, while diisobutyl ketone cannot be

completely desorbed.

Regeneration of Carbons Exposed to Contaminants with V <80.~ Regeneration
MR 13

experiments were conducted on carbons exposed to acrolein (CH2 = CHCHO) and
acetone. The adsorption phase of the acrolein experiment was conducted at a
high influent concentration, on the order used in the previous experiments.
The results aad condltions are presented in Table 3. Attempts were first made
to desorb the acrolein at ambient temperature. Thils was not very effective,

whereupon the regeneration was resumed at IOOOC.
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Contaminant

Diisobutyl Ketone

Caprylic acid

n=-Octane

Methyl cyclohexsane

Methyl cyclohexane

ter-Amyl alcohol

Cyclohexane

TABLE 2

RESULTS ON CARBONS EXPOSED TO HIGH MOLOR VOLUME CONTAMINANTS

AND REGENERATED AT 200°C AND 10~

Type

Caxrbon

Weight
carbon, g

Ads influent

conc, mg/l

mm Hg PRESSURE

Amt cont ads

g

super-
actv.
138%
CClu

super-
actv.
lsh%
CClu

super=-
actve.
154%
CClh

super-
actv.
154%
cc1),

Pgho
BPL

BC GI

Super-
actve.
154%
CClh

525

5.68

5Tk

5.76

9.45

2.23
5.68

15.8

29.5

2.443

0.106

k.300

3.417

3.020

1.331
1.731

0.465

0.0187

0.749

0.593

0.319

0.596
0.305

Weight

Regeneration residue on

time, hr carbon, g/g
3'25 0-0063
T.0 0.0048
23.0 0.0051
2.0 0.0012
1.75 0.0003
1.0 0.0042
3‘5 0-0000
2.0 0.0003
2.0 0.0000
1.0 0.0000



TABLE 3
VACUUM REGENERATION OF SUPERACTIVATED CARBON
(138% cey, ACT,) EXPOSED TO ACROLEIN

Weight Carbon: 22.70g
Carrier gas : dry NE
Gas flow : 2.3 1/min
Pressure : atmospheric
Acrolein conc: 1.1 mg/1 (est)
Amt ads : 0.682 g: 0.030 g/g
Time, hr Temp, °¢ Wt ads on carbon, g/g
0 25 0.0300
1 25 0.0233
18 25 0.0175

Regeneration continued at elevated temperature

0 25 0.0175
2 100 0.0152

Regeneration temperature increased

0 100 0.0152
1.5 200 0.014k4
L.5 200 0.0021
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Regeneration was still slow, and so the temperature was increased to 200°¢C.,
The residue remaining after the 200°c regeneration was still sizeble, con-
sidering the extended time of regeneration. Although acrolein (Vm = 66) was
not strongly adsorbed initially, its retentivity was good. This was believed
to be due to a possible polymerization which, however, could not occur at

the very low concentration levels in the spacecraft.

The acetone regenerations were conducted on superactivated carbons exposed
to acetone at low influent concentration, i.e., 0.021 mg/l. The carrier gas
was 30% 0, - 0% N, at 34% relative humidity end 10 1b/1n2 (abs) pressure.
Because of the moisture content in the carrier gas, the weighing method could
not be used as rellably as when dry gas was used. Also, the weight of contami-
nant is very small, on the order of 0.007 g/g maximum, hence weighing errors
would be large. To determine regenerabllity, the gas-life was determined
after each regeneration and the gain or loss in gas-life used to determine

the effectiveness of the regeneration.

Regenerations were conducted at 100°C and at ambient temperatures, under
vacuum. The conditions and results for the 100°C regenerations are presented
in Table 4 and Figure 19. The conditions and results for the ambient tempera-

ture regenerations are glven in Table 5 and Flgure 20.

If the gas-life is designated as the adsorptlion time to the time when
the effluent concentration reaches 1% of the influent concentration, the
effluent concentration curves of Figure 19 indicate the following changes

in carbon activity over four regenerations.

Regeneration Regeneration Time, hr Gas-1ife, min
initial carbon - 100

lst 1 90

2nd 1 60

3rd 1 60

4th 2 0

L3



TABLE L
L

REGENERATION AT 100°C AND <10 ™' mm Hg
PRESSURE OF SUPERACTIVATED CARBON EXPOSED TO ACETONE

Carbon weight: 2.711 g

Carrier gas : 30% 0, - T0% N,
Pressure : 10 1b/ 1n® (abs)
Cas flow : 2.83 1/min
Acetone conc.: 0.021 mg/1

Rel. hum. : 34%

Effluent conc data on successive runs

CONCo, j‘g of influent

Initial 1st reg 2nd reg 3rd reg kth reg
time, min Run 20 Run 21 Run 22 Run 23 Run 25
40 0.0 0.2 0.4 0.7 0.0
0 0.8 1.2 2.3 1.5 1.2
120 2.1 - 5.8 4.3 3.1
140 3.2 3.6 T.2 5.0 ——
160 5.9 6.2 12.1 8.5 6.8
180 T.9 8.6 13.5 12.7 -
200 13.8 13.5 20.5 16.0 -——
24o 18.9 20.1 29.0 28.0 26.4
300 58.8
360 82.5
420 80.3
480 96.
Adsorptive capacity, g, for Run 25 : 0.0069 g/g
0.0087 cc lig/g
A = 17.6

L

il
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Figure 19 Effluent Concentration Curves for Acetone Adsorbed on Regenerated S154,
2.70 g Carbon, Regeneration at 100°C and 10™* mm of Hg Pressure




TABLE 5
REGENERATION AT AMBIENT TEMPERATURE AND < 10'1+ mm Hg PRESSURE
OF SUPER-ACTIVATED CARBON (154% cey, Act.) EXPOSED TO ACETONE

Caxrbon weight: 2.703 g

Carrier gas : 30% 0, - T0% N,
Rel. hum. : 344

Gas flow : 2.83 1/min
Acetone conc.: 0.021 mg/1
Pressure : 10 lb/:l_n2 (abs)

Effluent conc. data on successlve runs

Conc., % of influent

Initial lst Reg. 2nd Reg.

Time, min Run 1 Run 24 Run 26
40 0.1 0.0 2.7
90 1.3 0.5 5.0
120 3.3 1.8 7.4
140 4.6 2.8 8.6
160 7.6 5.2 13.0
180 10.6 6.6 15.%
200 12.6 11.5 19.0
240 15.6 22,2 31.2

Regenerated 26 hr 8 hr
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Figure 20 Effluent Concentration Curves for Acetone Adsorbed on Rege&erated 5154,
2.70 g Carbon, Regeneration at Ambient Temperature and 10+ mm of Hg Pressure



Regenerations 1, 2, and 3 were of l-hour duration, and the carbon lost
activity between the first and second regeneration but stabilized on the third
regeneration. On the fourth regeneration, the regeneration time was increased
to 2 hr, and the activity increased sgain to bring the gas-life to 90 min,
which was the life at the end of the first regeneration. It is believed that
a 2-hr regeneration time at 100°C will regenerate the carbon exposed to any of
the contaminants with a Vm <80.

The effluent concentration curves of Figure 20, for ambient temperature
regenerations, indicate the following changes in carbon activity.

Regeneration Regeneration time, hr Gas-life, min.
initial carbon - 85
1st 26 97
and 8 20

These results indicatet that amblent temperature regeneration must be
considerably longer than 8 hr to recover the initial carbon activity and that

complete regeneration at ambient temperature may not be feasible.
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SYSTEM SELECTION AND ANALYSIS

A contaminant removal system capable of controlling the wide variety of
potential spacecraft contaminants must involve many elements, including
catalytic oxidation, charcoal adsorbents and chemical pre- and post-sorbents.
To develop a complete system design, the size and arrangement of these individual
elements, as well as their required flow rates, must be conslidered. The
catalytic oxidizer size and flow rate, along wlth its attendant pre- and post-
sorbent beds, was developed during NASA contracts NAS 1-6256 and NAS 1-T433.
The design of the charcoal sorbent beds and their integration with the catalytic
oxidizer and pre- and post-sorbent beds was the purpose of this effort.

The design approach utilized to develop the complete system was to assess
several candidate approaches to integrating the various potential elements of
the system. In conducting these trade-off studies, the constraints imposed
were (1) that individual contaminants would not be allowed to exceed the maximum
allowable concentration and (2) that potentlal catalyst poisons would not be
allowed to enter the catalytic oxidizer at concentrations greater than 20% of
the maxlimum allowable concentration. Further, as many contaminants as possible

would be removed by oxidatlon.

Of the contaminants listed in the contaminant model, 18 require a flow
rate greater than 3 CFM for removal. This means that these contaminants
could not be controlled by a device utilizing the flow rate of the catalytic
oxidizer. These contaminants, however, are either adsorbed on charcoal, combine
with the moisture present in the charcoal, or are removed by an acid impregnatilon
that can be dispersed on the charcoal. In examining these contaminants, it was
found that the gas flow rate and quantity of charcoal sufficient for control of
pyruvic acid, which has a substantiated production rate, provided adequate
removal for the remaining 17 flow limited contaminants. A review of the
remaining contaminants with a requirement for less than 3 CFM flow for removal
indicated that a number of these would be controlled by the charcoal quantity
required for control of pyruvic acid; however, a large number of these contami-

nants reguire considerably more charcoal for control. Thus, the options that
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evolved were (l) consideration of a slngle charcoal bed that would control

all of the contaminants requiring charcosl removal, or (2) a high flow charcoal
bed for removal of all contaminants adsorbed as well as pyruvic acid and a

low flow charcoal bed for control of the more poorly adsorbed contaminants.

It became evident that the quantity of charcoal required for control of
contaminants adsorbed as well as pyruvic acid was not excessive; however,
control of the poorly adsorbed contaminants required a very large quantity

of charcoal if 1t were not regenerated.

Therefore, charcoal regeneration had to be considered for these contami-
nants. In the trade-off study, consideration was given to systems utilizing
a single high flow regenerative bed, or a combination of a high flow fixed bed
and a low flow regenerative bed. The results of the optimization study indicated
that the latter approach is superior. The following discussion presents the
results of the system selection and optimization study, as well as the performance

analyses of the regenerative and fixed charcoal beds.
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System Optimization

In selecting a concept for a contaminent control system, three arrange-
ments of components were considered. These are shown in Filgures 21, 22, and
23. In these schematics, the major differences lie in the carbon beds. In
Figure 21, a single carbon bed that is regenerable is used with a separate
ammonia sorbent. Downstream of this are the catalytic oxidizer and pre~ and
post-sorbent beds. The system presented in Figure 22 utilizes a fixed high
flow carbon bed impregnated with prhosphoric acid for ammonia removal followed
by a smaller low flow regenerative carbon bed and the catalytic oxidlzer with
pre- and post-sorbents. The system shown in Figure 23 differs from that shown
in Figure 22 in that the low flow and high flow components are in parallel
instead of serles. This has the added advantage of increased flexibility
in system arrangement; however, 1t Iincreases the required size of the regenerable
bed slightly.

In general, contaminants can be divided into three groups which are contami-
nants strongly adsorbed (Group I), weakly adsorbed (Group III), and strongly
adsorbed in carbon which has been treated with phosphoric acld or a separate
sorbent (Group II). As described in the following section, adsorption data
have been generalized and a computer program used to predict the required bed
sizes. Further, data were taken which demonstrated re-regeneration of the
carbon beds using a heat and vacuum cycle. Using these data, the schematics

were compared to determine the optimum system.

In these evaluations, the charcoal weilght was calculated and fixed per-
centage increases attributable to hardware weight added. Further, a 400 1b/KW
power penalty was assessed for increases in peak power consumption.

The schematic presented in Figure 22 had the lowest penalty of those
evaluated. This system takes advantage of a non-regenerable Group I bed. The
computer printouts of bed weight as a function of conteminants removed indicated
a natural break at Methyl ethyl ketone (MEX) for the Group I bed. This resulted
in the removal of all contaminants having an A value of less than 23 in the
Group I bed. In thils bed, pyruvic acid has a required flow of 76 CFM if the
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Figure 22 Candidate System With a Fixed Bed and Regenerative Bed in Series
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removal efficiency is 0.9 at breakthrough. This requirement sets the flow
of the Group I bed. The flow through the Group III bed 1s established by
the 3 CFM catalytic oxidizer requirement.

In considering the schematic shown in Figure 21, the quantity of sorbent
required to remove ammonia must be determined. At the design generation rate
for ammonia, 1.29 1b of ammonia must be removed over a 180-day mission.

Review of materials for removal of ammonia showed that sorbents and phosphoric
acid treated charcoal are equally effective. Maximum ammonia capecity for
these materials is in the range of 7 1b of sorbent per pound of ammonis,
resulting in a requirement for 9.1 1b of sorbent materlal which results in a
total equivalent weight of 16 1b. The regenerable charcoal bed was then opti-
mized for weight and pressure loss penalty, not including desorption power.
The results of the optimization, shown in Figure 24, show a penalty of 57 1b
with a 90=day cycle time. This results in a combined penalty for ammonla
removal and single regenerable bed in excess of T3 1lb, not including the de-
sorptive power penalty. The power required for desorption of a single regenera-
tive bed is 450 watt hours, and assuming natural losses are negligible for a
6-hour desorption time, a power penalty of 22 1b results. This ylelds a
total equivalent welght of 95 1b for a single regenerative bed. This concept
was rejected because of its excessive penalty over those concepts presented
in Figures 22 and 23.

The selection of the contaminants to be included in the Group I bed shown
in Figures 22 and 23 was established by a review of flow requirements and
quantities of charcoal required. Pyruvic acid requires the greatest flow for
removal, and thus sets the flow requirement for the Group I bed; it also must
be removed in its entirety by this bed. As can be seen below, MEK requires
little additional charcoal over Pyruvic Acid. Thus, it was declded to also
include this contaminant in the Group I bed for removal in an effort to
minimize poteatial desorption problems in the Group III bed.
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Figure 24 Performance of a Group I Regenerative Bed
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Contaminant Charcoal. Required (3b)

Pyruvic Acid ‘ 26
MEK 29.5
Dichloroethane ST
N Butane 96

Further inspection of the above data shows a rapid increase in the
required Group I bed weight as additional contaminants are included. As
a result, the final selection cut-off for the Group I bed was MEK. This
quantity of phosphoric acld treated charcoal is also capable of removing

the ammonia.

Preliminary calculations showed that pressure loss penalty is a major
factor in the design of the Group I bed with the high flow of 76 CFM. Thus,
a 4 x 6 mesh charcoal was selected for this bed to minimize this penalty.
Figure 24 shows that results of a pressure loss and fixed weight study made
for the 32-pound 180-day Group I bed. The curve is based on a saturated
charcoal zone of 30 pounds and includes 1.0 inch for the adsorption zone.

The adsorption zone is based on a canister bulk velocity of 49 ft/min. The
combined motor fan efficiency was assumed to be 0.35 for the purpose of fan
power calculations. Canister weight was based on a minimm weight design
which results in a 25% packing weight. The curve in Figure 25 shows a de-
crease In penalty as L/D 1s reduced. Experience has shown that bed performance
becomes unreliasble if L/D is less than 0.5. Thus, the design selected has an
L/D of 0.5.

The Group I bed has a total equivalent weight of 56 1b and a diameter
of 17 inches. Bed length 1s 8.0 inches. The bed contains 32 1lb of BD
4 x 6 mesh activated charcoal in a canister which weighs 8 1b. The
pressure loss is 1.6 in HE’O at 76 CPM, requiring a WO-watt fan. The charcoal
is Impregnated with 2 millimoles of phosphoric acid per gram of charcoal.
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The regenerable Group III bed was then optimized. In the optimization
of the Group IIT bed, & 6 x 12 mesh BD activated charcoal was selected to
nminimize channelling problems. For this bed, an adsorption zomne length
of 1.5 inches was determined based on a velocity of 18 ft/min. A fan
efficiency of 23% was assumed. This smaller bed has a canister welght of
0.33 1bs per 1b of charcoal held. Figure 26 shows the penalty of regenerable
beds having differing cycle times. This curve is based on the above assumptions.
The results show that short cycle times are desirable.

In an attempt to assess the penalty of maintaining independence of the
3 CPMM catalytic oxidizer loop from the Group I bed, the schematic shown in
Figure 23 was generated. This schematic uses the same Group I bed as dis-

cussed previously.

The regenerable bed has been increased in size to allow for removal of
Grow I contaminants that would enter the bed during the 180-day mission. The
design philosophy for the Group III contaminants and penalty factors were un-
changed for those in the schematic shown in Figure 22, Figure 27 shows the
penalty factors for the regenerable bed for the schematic shown in Figure 23.
Comparison of Figures 26 and 27 shows only & 2 - 1b pendlty for independence
of the two contaminant control circuits. This was deemed desirable, and the
schematic shown in Figure 23 was selected.

A review of Figure 27 indicates that the shortest cycle times are most
desirable. However, during the desorptive perlod, the catalytic oxidlzer
must be shut down, requiring higher flow rates during times of operation to
¥ield the same contaminant removal capability. The total equivalent weight
for each of the regenerable beds were then adjusted for the effect of cycle
time on the catalytic oxidizer power and weight. Figure 28 presents these
results which shows the optimum cycle time to be 2 days.

An optimization occurred due to the fact that as the cycle time decreased,
the weight penalty associated with the regenerative bed Increased. However, the
weight penalty associated with the catalytic oxidlzer increased, which resulted
in a minimum combined equivalent weight at a cycle time of 2 days. The selected
Group III bed, based on the above results, is 6 inches in diameter and 10 inches
long, containing 4.9 1p of 6 x 12 mesh charcoal. The canister welght is 1.7 1b .
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In the operation of a contaminant control system, the catalytic oxidizer
is the largest power consuming device. The catalytic oxidizer developed for
this system will consume about 120 watts, of which Tl watts are lost to the
flow stream. During the charcoal regeneration cycle, no flow will pass
through the oxidizer, making this power available for charcoal bed heating
at no penalty of peak power. Thermal calculations on the Group III regenerable
bed indicate that this quantity of power is sufficient to raise the tempera-
ture of the bed to the required 100°%¢ temperature in 1 hour, allowing an
additional hour for desorption above this level. This will be satisfactory
for desorption. These results are presented in Figure 29.
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Charcoal Bed Performance Analysis

To accomplish the analyses conducted in the system optimization, a computer
program was developed to estimate the quantity of charcoal required for control
of the various contaminants. A description of this program is presented in
Appendix D.

The saturation capacity of activated charcoal for any singly adsorbed material
can be estimated from potentlal adsorption theory. When tests have been conducted
with miltiple contaminants at spacecraft concentration levels, a displacement
effect has been observed in which materials having a low A value will displace
those having a higher A value from adsorption sites. If the difference in A
values exceeds some critical value, total displacement 1s observed. Based upon
these observations, a computer program was generated to estimate the required

quantity of activated charcoal for control of multiple contaminents.

The program scans all contaminants by A value and then orders them from
the lowest to highest value. It then calculates the quantity of sorbent required
to remove the most strongly adsorbed substance. Using experimental potential
plot data, the capacity of this sorbent section for additional substances is then
estimated on the assumption that their capacity i1s less than saturation and is
linear with A value difference up to the critical A value. The program then pro-
ceeds to the next contaminant, which 1s not yet completely removed and repeats
the calculation. This process is continued until all of the listed contaminants
have been completely adsorbed.

In these calculations three potential plots are used: (1) for water insoluble
contaminants on phosphoric acid, impregnated charcoal, (2) for water insoluble con-
teminants on charcosl without phosphoric acid, and (3) for water soluble contami-
nants on charcoal, elther with or without phosphoric acid. The rationale for these
selections, as described in previous sections, 18 as follows: soluble contaminants
are not blocked by water since the contaminant dissolves in the water and then
migrates to an adsorption site. Insoluble contaminants, however, are blocked by
water. The effect of phosphoric acid is to increase the quantity of moisture
present in the charcoal, and hence, to Ilncrease the blockage rete for Insoluble

contaminants.
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In order to assess the sensitivity of the critical sizing parameters,
A A criticel, flow rate, time, and contaminant loaedings were made inputs
to the program. The program was used to generate the various designs that
were considered during the optimization study. The program results are
presented in the following sectlons for two examples in which a fixed sorbent
bed and regenerative sorbent bed are used with flow rates of 76 CPM and
3 CFM respectively.

Fixed Sorbent Bed

The fixed sorbent bent flow rate was established by the production
rate and maximum sallowable concentration for pyruvic acid, and the bed
size was determined by the highest A value contaminant to be removed by
the bed, methyl ethyl ketone, and the resupply perlod of 180 days. The
selection of methyl ethyl ketone for sizing was based on the requirements
that pyruvic acid required removal by a high flow fixed bed and that the
additional quantity of charcoel required to remove methyl ethyl ketone
(+~14%) was small. This small increase in the size of the fixed bed
traded favorably agalnst the potential increase in the desorption tempera-
ture of the regenerative bed required, if removal of methyl ethyl ketone
were planned for the regenerative bed. Thus, the sizing of the fixed bed
was predominantly determined by pyruvid acid which has a substantiated
production rate. Benzene and allyl alcohol are also removed in the portion
of the bed provided for methyl ethyl ketone. The computer program was utilized
to size the saturated layer for thls bed and to establish what other contami-
nants it would control. The program inputs included a flow rate of 76 CFM,
a bed temperature of 70°F, and a required removal efficiency of 90%. Assuming
& high required removal efficiency implies a low inlet concentration and, hence,
is conservative in establlishing bed size since the charcoal adsorption capacity
1s a function of inlet concentration, the program establishes the contaminant
inlet concentration based upon the removal efficiency and flow rate. These
inlet concentrations ere valid as long as the charcoal capacity has not been
exceedede The modified equlipment production rates were utilized in the
analysis; however, the impect of the higher equlipment rate 1ls discussed in
a later section. The results of the computer analyses for the fixed bed

are presented in Table 6.
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Mass
Slice 1

Caprylic Acid
Indole*
Skatol¥*

Slice 2
Decalin

Slice 3
Hexomethylcyclotrisihexane
Valeric Acid

Slice 4

Octane
1,1,3 Trimethyl Cyclohexane
Napthalene

Slice 5

O-xylene
Di-Isobutyl-Ketone

2,2 Dimethyl Butane
Mesitylene

Ethyl Benzene

3 Methyl Pentane
Cyclohexonel

n-Propyl Acetate

Azmyl Alcochol

1,2,4 Trimethyl Benzene
Trans 1 Methyl 3 Ethyl Cyclchexane
Methyl Cyclohexane
Chlorobenzene
n-Propyl Benzene
Cumene

Iso-Amyl Acetate
Methyl Butyrate
Methyl Isobutyl Ketone
Phenol

Methyl Methacrylate
Furfursl

Tetrachlorcethylene
Ethyl Sulphide

Slice 6

Xylene
Ethylene Glycol

Slice 7

n-Hexane

Trans 1,2 Dimethyl Cyclohexane
1,1 Dimethyl Cyclohexane
180-Butyl Alcchol

Slice 8

Toluene

n-Butyl Alcohol
Heptane

Methyl Furane
Styrene

Propionic Acid
Propyl Mercatan
sec-Butyl Alcohcl

of Slice

0.0399

0.0759

0.0664

0.1896

2.8474

0.3850

0.9132

8.0518

TABLE 6
FIXED SORBENT BED
COMPUTER ANALYSIS RESULTS

Cumilative Mass
of Slices

0.03988

0.1158

0.1822

0.3718

3.2192

3.6042

L. 5174

12.5692

® Not entered into program, however removed by first slice.
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Masgs of Slice
Slice

Hexene-1 3.0UhT
Isoprene

Valeraldehyde

Slice 10

n-pentane
Methyl Isopropyl Ketone

0.9950

Slice 11

Pyruvic Acid
Cyclohexane

Ethyl Acetate

Ethyl Isobutyl Ether
Methyl Chloroform
1,4 Dioxane

Carbon Tetrachloride
n-Propyl Alcohol
Freon 114

Pentene-2

Pentene -1

iso Butane

2 Methyl 1 Butane
Chloropropane
Cyclopentane
Dimethyl Furane
Freon 114 Unsymetrical
Butryic Acid
Dimethyl Hydrazine

Slice 12

Methyl Ethyl Ketone
Benzene
Allyl Alcohol

49.2854

8.2321

Cumul. Mass
of Slices

15.6139

16.6089

65,8943

Th.1214



The approach used with the program, as discussed before, was to establish
the quantity of charcoal required to remove the contaminant with the lowest
A value. The program then calculates the quantity of each of the remaining
contaminants that is removed in that section. In doing this, the program
considers blockage effects with the production rate of each contaminant and the
mission duration given during the program then establishes the quantity of
each contaminant yet to be removed. Table 6 lists the lead contaminant that
establishes the size of each section and then all of the contaminants fully
removed in that section and finally those contaminants that are partially
removed in the section. The program must calculate the quantity of charcoal
required to remove the remaining amount of the next contaminant with the
lowest A value repeating thils process until all contaminents have been removed.
The reason that more than one contamipant i1s removed by some sections 1s due
to differing production rates between contaminants and the fact that some
contaminants are soluble and some contaminants are insoluble and hence, have
different adsorption potential characteristics. Also shown on Table 6 are
the cumulative masses of the Individual sections. Thus, the guantity of
charcoal required in the saturated layer to remove all contaminants through
methyl ethyl ketone is Th.l2 grams/day, or 29.5 1lb for 180 days. To this
29.5 1b of charcoal required for the saturated layer must be added the portion
required for the adsorption zone which is 3 1b.



Regenerative Sorbent Bed

The design technique utilized for establishing the quantity of charcoal
needed for the saturated layer portion of the regenerative charcoal bed was
identical to that used for the fixed bed. The program inputs were: a gas
flow rate of 3 CFM, an adsorption temperature of 70°F, and a removal efflciency
of 80%. The results of the conmputer analysis for the regenerative sorbent bed
are presented in Table 7. The contaminants removed by the flxed bed through-
out the 180-day period (caprilic acid through methyl ethyl ketone) were not
removed from the regenerative bed program. However, this produced no signifi-
cant effect since the quantity of charcoal required for these contaminants
is only about 2% of the total charcosl requirements. A steady state condition
1s assumed for both the fixed and regenerative charcoal beds. Thus, some
contaminants that are initially removed by the fixed bed at a flow rate of
76 CPM will be displaced in a few days, and then thelr removal rates will be
solely determined by the flow rate through the regenerative bed. Table T
presents cumulative sums of all of the charcoal required to remove all contami-

nants through cycloproprane. Contamlnants removed by other techniques, such

as catalytic oxidation and that require extremely large quantities of charcoal
were not included in the program. As can be seen from the table and Figure 30,
the required weight of charcoal begins to increase qulte rapldly after slice

15. It is also clear that the weight of charcoal required to remove all contami-
nants through cyclopropane would be prohibitive. A study was then made to estab-
lish the feasibility of provliding a regenerative charcoal bed for all or any

of these contaminants. Consideration was given to the source of those contami-
nants requiring charcoel for removal. Contaminants controlled by other techniques
did not need to be considered. Table 8 presents a list of all of the contaminants
requiring more charcoal for control than tetrafluoro ethylene (thru Section 16).
This design point was chosen for investigation because (l) it represented a

point where the weight for a regenerable charcoal removal technique increased
significantly as additional contaminants were considered, (2) failr justification
existed for the presence of vinyl chloride and tetrafluorocethylene, and (3) a1
contaminants requiring more charcoal than this were only produced by equipment
off-gassing and had relatively unsubstantiated production rates, that 1s, the
contaminant hasn't been found in any manned spacecraft or manned simulator test.
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Table 7

REGENERATIVE SORBENT BED
COMPUTER ANALYSIS RESULTS

Cumulative Mass

Mass of Slice of Slice
Slice 1 gms/day
Caprylic Acid 0.0318 0.0318
Indole¥*
Skatole#*

Slice 2

Decalin 0.0532 0.08505
Valeric Acid

Slice 3
Hexomethylcyclotrisihexane 0.0234 0.1085

Slice 4
Napthalene 0.0421 0.1506

Siice 5
O-xylene 1.3689 1.5195
Octane

1,1,3 Trimethyl Cyclohexane
2,2 Dimethyl Butane

Di iso Butyl Ketone
Mesitylene

Cyclohexanol

Ethyl Benzene

n-Propyl Acetate
3-Methyl pentane

Amyl Alcchol
Chlorobenzene

Phenol

Methyl Cyclohexane
1,2,% Trimethyl Benzene
Methyl Butyrate
n-propyl Benzene

Trans 1 Methyl 3 Ethyl Cyclohexane
Cumnane

Methyl Iscbutyl, Ketone
Iso, Amyl Acetate
Ethylene Glycol
Furfural

Methyl Methacrylate
Tetrachloroethylene
Ethyl Sulphide

Methyl Furane

Iso Butyl Alcchol
Propionic Acid

Propyl Mercaptan

Siice 6

M-xylene 0.1768 1.6962
Trens 1,2 Dimethyl Cyclohexene

Slice 7

n-Hexane 0.4197 2.1160
1,1 Dimethyl Cyclohexane

Slice 8

Pyruvic Acid 1h.2269 16.3429
n-Butyl Alcohol
Toluene

n-pentane

Hexene-1

Methyl, isopropyl Ketone
Cyclohexane

Ethyl Acetate

1,4 Dioxane

Methyl Chloroform
n-propyl alcohol
Methyl Ethyl Ketone
Benzene

Ethyl Isobutyl Ether
Carbon Tetrachloride
Heptane

Styrene

Isoprene

Freon 11h4

sec~Butyl Alcohol
Pentane-2
Chloropropane
iso-Butane

Pentane-1

2 Methyl, 1 Butane
Cyclopentane
Dimethyl Fursne
Freon 114, Unsymetrical
Valeraldehyde
Dimethyl hydrezine
Allyl Alcohol

Slice 9

Methyl Acetate
Butyriec Acid

Freon 113

Ethylene Dichloride

Slice 10

Acetone

1,1 Dichlorcethane
Ethyl Formate
n-Butane
Trichloroethylene
Chloroform

Trans Butane 2
Ethyl Ether

Freon 11

Methylene Chloride
cls=-Butane 2
Propylene Aldehyde
Acetic Acid

Ethyl Acetylene
Acrolein

Vinylidene Chloride
Ethyl Mercaptan
mono Methyl Hydrazine
Chlorcacetone

Slice 11
Butane-1
Slice 12
Ethyl Alcochol

Slice 13
iso-Propyl Alcohol

Slice 14

1,3 Butadiene
iso Butylene
Tetrahydrofurane

Slice 15

Propane

Freon 12
Dimethylsulphide
Carbon Disulphide
Freon 21

Freon 125

Furan

Nitrogen Tetroxide
Acetonitrile

Slice 16

Propylene
Acetaldehyde
Vinyl Chloride

Cunulative Mass
Mass of Slice of Slice
__gms/day ___gus/day

5.4159 21.7568

53.058 T4.8171

1.9k% 76.36
5.482 81.84
1.370 83.214

35.266 118.48

253.47 371.95

654,16 1026.107

Tetrafluoroethylene (Design Poirt) #6840

Slice 17
Methyl Alcohol

Cynaimid
Freon 22

Methyl Chloride
Siice 18

Ethylene

Methyl Acetylene
Cerbonyl Sulphide
Slice 19

Ethane

Chlorofluorcmethane
Sulfur Dioxide

Slice 20

Cyclopropene

Freon 23

Chlorine

Nitric Oxide

Mot included in program

tetrafluorcethylene.
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1645.00 2671,11

Th35.7h 10106.85

12422.21 22529,07

31870.06 54399.13

Not in program

but removed by first slice.

#%0nly 684 grams required to remove down through



CUMULATIVE MASS OF CHARCOAL - gm/DAY

10,000

9,000

8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

TOTAL NUMBER

OF CONTAMINANTS
CONSIDERED FOR
REGENERATIVE CHARCOAL

SELECTED DESIGN POINT

20 40 60 80 100 120 140 160
NUMBER OF CONTAMINANTS CONTROLLED

Figure 30 Size of the Regenerative Bed
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POTENTIAL SOURCES OF CONTAMINANTS REQUIRING EXCESSIVE CHARCOAL FOR CONTROL

TABLE 8

Is Source Identified in any Identified in Apollo
Contaminant Potentilal Source Controllsble Manned System 101, 103, & LEM-3
Nitric Oxide Not known Yes Yes No
Freon 23 Refrigerant Yes Yes No
Intermediate in Not known
organic synthesis
Chlorofluoromethane Not known Not known Yes No
Methyl Chloride Refrigeration Yes Yes No
Butyl Rubber catalyst
solvent Yes
3 Petroleum refining Yes
Forming agent in styro
foam mfg. Yes
Reagent in silicon
production No
Freon 22 Intermediate in Teflon
Mfg. No Yes Yes
Cyanimid Not known Not known No No

-2




Also listed on this table are (1) potential sources, where they are knowm,
(2) whether or not these sources could be controlled, and (3) whether or

not the contaminant has been found in either the LEM or Apollo ground simula-
tion tests since the Apollo fire.

This last item is of particular significance since a great deal of material
changes have taken place since that time, and therefore, conteminants that were
identified in menned systems prior to that time, but have not been identified
Since, are probably not potential space station contaminants. In reviewing
this 1list, 1t appears that Freon 22 is the only one of these contaminants that
has been found in either the Apollo or LEM testing. An investigation of the
potential source for Freon 22 has indicated that it is an intermediate
in the manufacture of Teflon. Discussions with Dupont have revealed that this
is the only potential source that they are aware of. Off-gassing studies of
Teflon, however, have indicated that Freon 22 is not an off-gassing product.

In the analyses conducted of the Apollo S/C 101 and S/C 103, Freon 22 was
analyzed by gas chromatography using a poropak column which was unable to sepe-
rate Freon 12 and Freon 22. Mass spectrometer analysis of the gas chromatograph
effluent, however, indicated the presence of both Freon 12 and Freon 22; however,
no quantitative reportings have been made. Thus, though Freon 22 may be present
its rate probably will not be nearly as great as assumed in this investigation.
An analysis was then made to determine what production rate of Freon 22 could
be supported by a bed large enough to control all contaminants through tetra-
fluoroethylene at the design point. The results of this analysis indicated
that 37% of the original production rate for Freon 22 could be controlled by
the selected bed, since Freon 22 is partially removed 1in sectlons upstream

of Section 17 (Ref. Table 7). In light of the uncertainties surrounding the
source and production rate for Freon 22, this appeared to be a reasonable
capability. Thus, the 684 grams/day quantity of charcoal was utilized for

the saturated layer portion of the regenerative bed.
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System Performance Summary

An evaluation of the flow rate required to remove each of the candidate
contaminants revealed that 76 CFM through the fixed bed and 3 CFM through the
regenerstive bed would control all but 1 conteminant, based on the nominal
production rate proposed in Table 1, (monomethyl hydrazine) and all but 8 con-
taminants based on the proposed maximum production rate (acetic acid, acetoni-
trile, acrolein, methylene chloride, nitrogen tetroxide, hydrogen fluoride,
carbon monoxide, and mono methyl hydrazine). In all of these cases, however,
these contaminants had design production rates derived from relatively un-
substantiated equipment off-gassing rates. The 76 CFM flow rate was based on
the requirement for removal of pyruvic aclid at the nominal production rate.
Also, pyruvic acid establishes the size of the fixed bed, since it has a
relatively high A value and is only a metabolic contaminant and therefore,
its production rate does not change with time, the 76 CFM fiow rate is
adequate for control of the same contaminants at the maximum production rate
except as previously noted. The 3 CFM flow rate was set by the catalytic
oxidizer, designed under NAS 1~-T7h33 and NAS 1-6256, and the requirement that
the regenerative bed be upstream of the oxidizer to provide effectlve control
of potential catalyst poisons, such as the halogenated hydrocarbons.

A sumary of the system performance is presented in Table 9. Included in
this table are a list of the contaminants controlled by the system, the removal

technique, and the resulting cabin concentration. The conteminant concentrations

are presented for both nominal and maximum production rates for both the 3 CFM
and 76 CPM flow streams, where applicable. As can be seen from this table,
there are 5 contaminants which the regenerative bed is scheduled to control,
for which adequate flow 1s not provided by the regenerative bed at the maximum
production rate. These contaminants, however, will be removed in appreciable
quentity 1nitially by the fixed bed, when the equipment production rates are
at the initial or maximum levels. The capacity reduction of the fixed bed
diminishes for these contaminants paralleling the reduction in production

ratee.
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Table 9

SYSTEM PERFORMANCE SUMMARY

CONCENTRATION
For Avi e Equip.Prod. For Max. Equip. Froa.
Rats, Fios Metaboilc Rate, Plus Metabollc Toltial Mequate Flor
A Ve 53 ™ R‘au__a '-{E'cfi' ns =23 8" Hax., l\-:v:‘ Not
g r =g, r = Q. r = Q.9 r = Qs Allow. Prowi
14;/.3 ? m;/ng u.;/ng n;/'n8 Conc.Mg/M3 Fixed Bed  Initially
18,5 1.04 08 ™
2.6 2.56 25.6 %
2.8 2.55 0,69 25,5 2.5 +
- 2.55 2545 6400
3.0 2.55 0.895 25.5 7 +
27.2 0.255 0.0895 2.55 0.25 +
2.9 0.00895 0.0895 0.50
©o 1.£89 1.38235 ;:3{5
. 0.00895 0.
15.1 0.00895 0.0895 £
0.3 0.0895 0.895 3.2
9.5 2.55 25.5 180
22,5 0.00895 0.0895 2.55 10
2L.0 0.255 25.5 180
24,1 0.255 2.55 180
0.8 2.55 3.2
23.1 2.55 25.5 220
21.7 0.255 2.55 1%
15.9 0.09% 0
9.4 0.00895 0.0895 £
21.8 0.00895 0.0895 3
9.0 0.255 2,55 »
g-g 0.255 2.55 n
o 0.255 2.55 )
26.5 0.00895 0.0895 1k
3.0 0.255 2.55 6
= 5 29.0 7
2.3 0.0895 0.895 6.5
- 0.00895 0.0895 25
- 0.00895 0.0895 0
28.3 0.255 2.55 100
15.6 0.00895 0.0895 35
2.2 2.55 25,50 24
23.0 0.00995 0.0895 84
6.1 0.00358 0.00358 155
15.9 0.00895 0.0895 25
16.8 0.0355 0.895 106
16.8 0.0895 0.895 00
1.7 0.00055 0.0895 0
2.9 0,00895 0.0895 00
- 0.255 2.55 100
38.9 0.255 2.55 45
7.0 0,00895 0.0895 5.0
8.0 0.00895 0.0895 120
18.0 0.00895 0.0895 120
13.1 0.00895 0.0995 93
2.2 0.255 2.55 15
19.0 2.55 .5 W
2.1 0.00895 0.0895 29
19.5 0.0895 0.895 36
2.3 0.00895 0.0895 3.0
.8 0.00895 0.0895 0.1
- 2 3 B
. 3 .
18.6 0.0895 0.895 o
2.8 0.255 .55 18
W2 0.00895 0.0895 uh
23.9 0.255 2.55 40
2.2 2.55 25.5 120
18.7 0.0895 0.895 200
19.3 2.55 2.55 0
= 2,55 25.5 10
20.3 0.00895 0.0895 s
15. 0.00895 0.0995 17
18. 0.00895 0.0895 97
2.7 0.102 0.102 2.5
2.3 2,55 25.5 5600
216 2.55 25.5 oo
3.2 0.255 2,55 40
23.7 0.255 2.55 w2
2.5 0.0995 0.895 00
25.3 0.00995 0.0895 000
3.8 0.255 2.55 25
- 0,00895 0.0895 25
3.8 0.255 2.55 3
18.2 0.00895 0.0895 2
- 8.7 .80 as
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Table 9 (Continued)

UL HATION

Far Averege Equip. Frod. For Max. Squip. Prod.
Rete, Plus Metabolic Rate, Plus Metabolic Initial Adequate Flow
W (& 76 O 3 cRi 78 Cm 3 CAl Max. Removel Not
Reowvel Moy o Fr= g9 Tr=08 kr=g9 Mre08 Alw. . Provieed by Provided
Conteminant Technlgue ~ ML Mg Mg/t HgM3 Mg /13 Conc.Mg/M3 Fixed Bed  Initially
Bydrogen Chloride bz ] - 0.00895 0.0895 0.15
Eydrogen Fluoride ™ - 0.00895 0.0895 0.08 +
Hydrogen Sulfide L - 0.000032 0.000032 1.5
Heptans P 18.8 0.00695 0.0895
Bexene-1 F 15.6 0.0895 18
n-Hexane F 2.4 0.00895 0.695 160
Bexomethylcyclotrisi-
bexane ) 10.5 0.00895 0.0895 210
F 4.0 0.107 0.107 126
Isoprene F 2.9 0.00695 0.0895 14
Methylese Chloride R 21.0 2.55 25.5 2 .
Methyl Acetate R 18.0 2.55 61
Methyl Butyrate F 15.1 0.00895 0.0895
Methyl-1 Butane F 22.7 0.00895 0.0895 1530
Methyl Chloroform P 19.0 0.0895 0.0895 190
Methyl Furane P 19.0 0.00895 0.0855
Methyl Ethyl Ketone F 2.1 0.0695 0.895 5
Methyl Isobutyl Ketooe F 6.2 0.00095 0.0895 <y
Methyl Isopropyl Ketone P 16,2 0.0895 0.895 7
Methyl Cyclohexane F 16.0 0.00895 0.0895 200
Methyl Acetylene [=4] - 0.255 2,55 165
Methyl Alcohol R 34.3 273 25.7 2
3-Methyl Fentane F 14.6 0.00895 0.0895 295
Hethyl Methacrylate F 17.7 0.00895 (3) 0.0895 ) s
e o - 260t3 9503 1720
Mesitylece P 13.3 0.00895 0.0895 2.5 (2)
wono Methyl Hydrazine R 28.1 0.255 2.55 0.035 N
Methyl Mercaptan o - 0,102 1.02 2
Napthalene F 1.6 0.00895 0.0895 5
Nitric Oxide M - 0.00895 0.0895 35
Nitrogen Tetraxide R 33.3 0.255 0.0695 2.55 1.8 +
Witrogen Dioxide ™ - 0.00895 0.0895 0.9
Nitrous Oxide ™ - 0.00895 0.0895 235
Propylene R 30.2 2.55 25.5 180
iso-Pentane F 15.8 0.0895 0.895 295
n-Pentene P 15.8 0.0895 0.895 295
FPentene-1 F 22,3 0.00895 0.0895 180
Pentene-2 r 22.0 0.00855 0.0895 180
Propane R .6 2.55 25.5 18
n-Fropyl Acetate F 14.9 9.00895 0.0895
n-Propyl, Alcohol F 20.7 0.0895 0.895 15
1so-rropyl Alcobol R 23.0 2,55 25.5 98
n-Propyl Benzene P 15.7 0.00895 0.0895 18
1so-Propyl Chloride R 22.2 0.255 2.55 260
1s0-Propyl Ether R 13.5 0.255 2.55 120
Propionaldehyde R 6.6 0.255 2.55 B
Propionic Acid F 2.4 0.00895 0.0895 15
Propyl Mercaptan F 2.3 0.00365 0.00365 8
Propyl Aldehyde R 2u.3 0.255 2.55 1
Pyruric Acid F 16.0 0.699 0.8 0.9
Phenol. P 18.6 0.00895 0.0855 1.9
Skatol F 4.0 0.107 0.107 W
Suifur Dicxide M - 0.00095 0.0895 0.8
St F 19.9 0.00855 0.0895 L2
Tetrachloroethylens r 18.4 0.,00895 0.0895 67
Tetrafluocroethylens R 36.8 0.255 2.55 205
Tetrahydrofurane R 29.3 0.255 2.55 59
Toluene F 15.5 0.0895 0.895 75
Trichloroethylene R 20.0 2,55 25.5 52
1,2, Trimetkyl Benzene F 15.% 0.00895 0.0895 ig
1,1,3 Trinethyl Cyclohex. F 1.2 0.00855 0.0895 1o
Valeraldehyde F 25.2 0.00365 0.00365 70
Valeric Acid F 1.9 0.00365 0,00365 110
Vinyl Chloride R 314 2.55 0.255 130
Vinyl Methyl Ether F 1l2.0 0.00895 0.0895 60
Vinyldene Chloride R 27.2 0.255 2.55 20
O-xylene F 12.0 0.0895 0.895 1y
M-xylene r 12.3 0.0895 0.895 4y
P-xylene r 12.3 0.0895 0.895 By

= Fixed Charcoal Bed

- Regenerative Charcoal Bed

= Fixed Charcoal Bed Phosphoric Acid

= Fixed Charcoal Bed, Moisture

- Pre and Post Sorbent Bed

- Catalytic Oxidizer

Adequate flow is not Irovided st average or maximm equipment production rates,

Based on = 0.25.
"A" yalue presented for contominants controlled by fixed or regenerative beds.

el 8280w

o~
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Two contaminants, however, do not have adequate control at the maximum
production rates. These are hydrogen fluoride and carbon monoxide. Both of
these contaminants have more than adequate flow for removel, however, at
the average production rate. The hydrogen fluoride has.a cabin concentration
of 0.0895 Mg/M3 at the maximum production rate as compared with an allowable
concentration of 0.080 Mg/M3. Thus, the system can support a production rate
approximately 10% less than the arbitrary maximm rate of 0.25 gm/day, which
does not appear to be of significance, since hydrogen fluoride has not been
observed in any menned system test and 1ts presence is based on anticipated
space station experiments. The 3 CFM flow requirement for carbon monoxide
control was established in the original IHCOS study, utilizing the maximm
equipment production rates. At that time, carbon monoxide had an allowable
concentration of 29 Mg/M3. The allowable carbon monoxide level recommended
by the panel on ailr standards for manned space flight of the National Academy
of Sciences Space Science Board is 17 Mg/M3 + Thus, for the maximum rate case,
3 CFM does not provide adequate control. The production rate for carbon
monoxide was based, however, on a substantiated metabolic production rate
of 0.4 grams/day for 12 men, an arbitrary 0.25 grams/dsy nominal equipment
rate, and an arbitrary 2.50 grams/day maximm equipment rate. Atmospheric
analysis of Apollo S/C 101 and S/C 103 established that there was a signifi-
cantly higher carbon monoxide concentration during the manned tests than
during the unmanned tests. This indicates that carbon monoxide production
is primarily metabolic. For these reasons, 1t appears that the capability
of the system to handle a maximum carbon monoxide equipment production rate
of 1.5 grams/day at a cabin concentration of 17 Mg/M3 is entirely adequate.

There is one contaminant for which adequate flow is not provided for
either maximum or nominal production rates; this is mono methyl hydrazine.
This contaminant has not been found in any manned spacecraft or simulator test,
and leakage within or into the manned cabin from external sources such as the
reaction control system is not anticipated. Therefore, 1t appears that the
capebility of the system to control a production rate of 0.034 grams/day 1s
satisfactorye.
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MODEL SYSTEM TEST

The long-term Model System Test conducted on a 1/10th scale model of
the system was performed for a period of 240 days, beginning on Rovember
11, 1970 and ending on July 9, 1971l. This section presents the objectives,
apparatus, and procedures used, the results obtained, and a discussion of

the results.

ObJjective
The primary objJective of this test effort was to determine the character-
istics of the integrated system and to establish the validity of the design
methodology.
Apparatus
The test apparatus is presented schematically in Figure 31 and 1s illus-
trated in Figures 32 and 33. Listed below are the major items used in the test.
o Cylinders for gaseous contamlnant supply

0 Pressure gauge, regulator and diaphragm pump to measure and control
system pressure

o Inlet and exit sampling septa for obtaining gas samples at the inlet
and outlet of various components

Catalytic oxidizer containing 57 cc of 1/2% pd. catalyst

Preheater for heating gasses entering the catalyst bed

Furnace and temperature controller to control catalyst bed temperature
Alr cooled heat exchanger for cooling exit gas from catalyst bed
Diaphragm pumps to malntain gas circulation through the system components
Wet test meter to determine system outflow (leakage)

F&M gas chromatographs model 720, 1609, 810, TOOA and TOOB equipped with
flame ionization electron capture and thermal conductivity detectors

Beckman gas chromatograph model GC 4 with microthermal conductivity and
helium ionizatlon detectors

Perkin Elmer infrared spectrophotometer Model 521 with 10 meter cell
Perkin Elmer Model 202 Spectrophotometer for colorimetric analysis
Cambridge Instruments dew point hygrometer

Water humidifier for humidity control

Pre-sorbent and post-sorbent beds containing 6 x 8 mesh Foote Mineral
Co. environmental grade lithium hydroxide

o O O O © 0o o0 ©o

c 0O 0 o o
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Figure 31 Model System Test Apparatus Schematic
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Figure 32 Model System Test Apperatus



Figure 33 Dew Point and Oxygen Partial
Pressure Monitoring Equipment
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o 'Diaphragm pump, flowmeter and pyrex gas-bubblers for colorimetric
analysis '

o Motorized syringe and heater for introducing liquid contaminants
into the system

o0 Beckman oxygen analyzer Model F-3 for monitoring and controlling
system oxygen pertial pressure

o CVC vacuum system with 4" diffusion, Welsh Model 1397, roughing pump
and liquid nitrogen baffle to simulate space vacuum conditions

o Liquid nitrogen and automatic level control to provide liguld nitrogen
to the vacuum system

0 Regenerative sorbent bed with 0.5 1lbs. of Barnebey Cheney BD charcoal
with heater and temperature controller

Yacuum valves to control flow through the regenerative bed
Timer to control the regenerstive bed cycle time

Fixed sorbent bed containing 3.2 lbs. of 4 x 6 mesh. Barnebey Cheney
charcoal impregnated with 2 millimoles of phosphoric acid per gram of
charcoal.

o Hastings mass flow meters, Model LF 20K, to measure the gas flow rates
through the fixed bed and regenerative bed

o Flow meters and manometers to measure the introduction rates of gaseous
contaminants

0 Temperature recorder to monitor system temperatures.
Procedure

The long-term model system test was conducted on a 1/10 scale model of
the selected system. The system was operated in a closed loop manner in which
the inlet and outlet of the contaminant removal components were comnected to a
simulated cabin.

Gas was circulated through the components of 1/10 the design rate, 0.3
cfm for the catalytic oxidizer regenerative bed and 7.6 CFM for the fixed bed.
The system total pressure was maintained at 10 psia and the oxygen partial pressure
was maintained at 3.1 psia. The system dewpoint was kept at approximately 50°F.
The catalytic oxidizer was operated at a space velocity of 21,000 hr'l with an
average catalyst bed temperature of 680° . The regenerative sorbent bed was
operated on both 24 and 48 hr. cycle times with 2 and 3 hour desorption times.
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The input power to the heater was such that the regenerative bed would reach

a 200°F bed temperature by the end of the desorption cycle. The desorption
vacuum was approximately 5 x 10'5 mm Hg by the end of the desorption cycle. The
contaminants introduced into the system and the analytical techniques are
described in the following sections.

Selection of Contaminants to be Used in the Model Test

In selecting contaminants to be used in the evaluation of the model system,
consideration was given to introducing contaminants into the system that stressed
all of the system elements, e.g., fixed charcoal bed, regenerative charcoal bed,
and catalytic oxidizer. The selection was based on having a number of contami-
nants for each device ranging from contaminants easily controlled to contaminants
that represented the deslign limit. Consideration was also given to ease of
contaminant introduction as well as the ability to analyze for the individual
contaminants et the relatively low levels that were anticipated. The selected
contaninants, test introduction rates, anticipated cabin concentration, and
maximum allowable concentrations are presented in Table 10. The period of intro~
duction for the various contaminants and the periods of operation for the system
components is shown in Figure 3k.

Fixed Sorbent Bed

The contaminants used to evaluate the fixed sorbent bed were ammonia, sulfur
dioxide, Freon 11k, and n-propyl alcohol. Ammonia was selected to establish the
effectiveness of the phosphoric acid impregnation on the fixed bed chercoal. Sul-
fur dioxide was included to verify that the moisture in the fixed bed charcosl
would effectively control the acid gasses. Both Freon 114 and n-propyl alcohol
were selected as contaminants to be removed by adsorption. Freon 1l represented
a catalyst poison that was to be removed by the fixed bed and n-propyl alcohol

was used to model pyruvic acid.
Analytical problems in analyzing for pyruvic acid resulted in a search for
a substitute compound for test purposes. A prime criteria for the selection of
the new material was that it have properties as similar as possible to the pyruvic
acid. In dztermining the adsorption characteristics of a compound upon activated
charcoal, two parameters are of particular importance. These are the solubility
and the A value. A search of the contaminant list was made to define a
material similar in properties which could be easily analyzed. The search was
restricted to soluble materials to simulate the same capaclity curve on
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TABLE 10
CONTAMINANTS USED IN THE MODEL SYSTEM TEST

Nominal Anticipated Allowable

Removal Prod. Rate Concentyration Concentration
Device Contaminant (gm/day) Mg /M Mg /113
Fixed Bed Ammonia 0.325 b 17.5

Sulfur Dioxide 0.0025 009 08

F 11k 0.025 .09 7000,

n-Propyl Alcohol* 0.250 .90 0.90
Regenerative Bed Vinyl Chloride 0.025 2.55 130.

F 12 0.025 2455 5000 .

F 11 0.025 2¢55 5600 .

Acetone 0.102 10.4 720.
Catalytic Oxidizer Methane 0 .60%* 157. 1720.

Carbon Monoxide 0.Oh5%*x 4.5 17.

Acetylene 0.025 2.55 6400 .

Ethylene 0.025 2.55 180.

Ethane 0.025 2.55 180.

*  Used to model pyruvic acid.
¥%  Should be 0.995 for the nominal case.
*¥% Should be 0.065 for the nominal case.
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the potential plot. In modeling A value, we observe that:

Cc
T s
m i

Of the terms, only Cs'a.nd Vm relate directly to the properties of the contami-
nant. Thus, the value of (log CQ/Vm for candidate materials was calculated.
This calculation showed that n-propyl alcohol most closely simulates pyruvic
acld. As there are no analytical problems assoclated with this material, it
was selected as a substitute. In order to simulate A value, n-propyl alcohol
was introduced at the same rate as pyruvic acid.

The selection of Freon 114 was based upon the desirability of selecting a
material which is marginally adsorbed by the fixed bed. Freon lll was selected
on the basls of ease of analysis and for the fact that it requires a major por-
tion of the fixed charcoal bed for adsorption. Further, its control in intro-
duction is simplified by its being a gas. Freon 114 is an insoluble contami-
nant that will be blocked by water.

Regenerative Bed

The contaminants selected for evaluation of the regeneratlive bed were
acetone, Freon 11, Freon 12, and vinyl chloride. Three of these contaminents
are known catalyst poisons. Vinyl chloride and Freon 12 were used in the
evaluations of the isotope heated catalytic oxidizer tested during NAS 1-7433.
Both of these contaminants demonstrated that they would poison the catalyst

if allowed to enter in apprecilable quantities.

Vinyl chloride is at the design point of the bed in terms of breakthrough.
As can be seen from Table 7, vinyl chloride requires the full 684 grams/day.
Freon 12 should be removed in the previous slice, which is approximately the
mid-point of the bed. Freon 1l and acetone should be removed in the 10th
slice, or about 12 per cent of the wey through the bed.

Catalytic Oxidizer
The contaminants selected to evaluate the catalytlc oxidizer were the

same competing hydrocarbons used to evaluate the catalytlc oxidlzer in the

previous 180-day tests of this component. These were methane, carbon monoxide,
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acetylene, ethylene, and ethane. Methane establishes the requlred operating
temperature for the catalytic oxidizer, and carbon monoxide establishes the
required flow at the maximum production rate. The production rates presented
in Table 9 represent the nominal case. The production rate shown for carbon
monoxide and methane is about 70% of the desired value due to mixing errors

in the contaminant blend. However, the anticlpeted cabin concentration shown
in Table 10 1is based on the actual production rate, and hence, bed performance

can be based on this concentration.
Chemical Analysis Techniques

Carbon monoxide levels were monitored by gas chromatograpny using both a
Beckman GC-4 equipped with a helium ionization detector and a modified F&M
Model 1609 equipped with a catalytic converter (to reduce carbon monoxide to
methane) located ahead of a fleme lonization detector. Ethylene, acetylene,
ethane, and methane were analyzed by gas chromatographic temperature programming
techniques. A 90% 13X and 10% 5A molecular sieve 30/60 mesh mix was used for
separating the components on a 10 ft. x 1/8 inch O0.D. stainless steel column.
Temperature programming conditions were at lO°C/minute and from 110° to 220°¢.

The Freons 1l, 12, and 114 were monitored by using an F&M Model 810 gas
chromatograph equipped with an electron capture detector. A 30 ft. x 1/8 in.
0.D. stainless steel column packed with 20% SE-30 on 60/80 chromosorb W was
used for seperating the components from the samples teken. Oven temperature
was maintained at 22°C. Vinyl chloride was analyzed by using an F&M Model 70O
flame ionization detector gas chromatograph equipped with a Model 810 electro-
meter. A 20 ft. x 1/8 in. 0.D. stainless steel column packed with 30% equal
mixture of di-2-ethyl hexyl sebacate and bis-2-(2-methoxyethyl) adipete on
60/80 chromosorb W operated at SOOC oven temperature was used for separating
the vinyl chloride from the other components in the samples.

Both acetone and n-propyl alcohol were analyzed by using another F&M Model
700 flame ionization detector gas chromatograph equipped with a Model 810 electro-
meter. A 6 ft. x 1/8 in. 0.D. stainless steel column packed with 20% Hallcomid
M on 60/80 mesh chromosorb W operated at 65°C oven temperature was used for.
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resolving these contaminants from each other and the other constituents

present in the samples.

Samples were obtained from each of the various sampling locations in
the system with evacuated 500 cc bottles or directly with two or more
5 cc gas tight syringe samples equipped with 7.6 em length needles. Quanti-
fication was accomplished by calibrating the gas chromatographs by direct
injection techniques. Direct comparisons of peak area (height x width at
half~height integration method) or peak height of samples with standard
samples at the approximate concentration levels were made. Standard curves
relating peak area or height versus detector response were plotted.

The colorimetric analysis technique used for measuring 502 is described
by Lyshkow (Ref. 6). This method was followed over the previous method des-
cribed by Jacobs (Ref. T7) for eliminating the highly poisonous tetrachloro-
mercurate absorbing solution. A hydrochloride and bleached solution containing
pararosanile was used as the absorbing and developing reagent. Standardiza-
tion was performed against known sodium bisulfite concentration levels.
Absorption readings were made at 560 m , 20 cc. Samples were collected by
a bubbler system consisting of three 100 cc volume pyrex glass impingers
arranged in series and connected by minimal lengths of clear tygon tubing.

The first and third impingers were protective traps for the middle impinger
containing the absorbing reagent. The impinger was filled with 20 cc absorbing
reagent and the system atmosphere was passed through the absorbing reagent at
gpproximately 100 cc per minute. Sampling time varied, depending upon the
concentration and contaminant being analyzed. A wet test-meter was used to
nmegsure total volume consumed. A Perkin-Elmer Model 202 ultraviolet-visible
spectrophotometer equipped with 5 cm path cells (20 cc volume) were used for
determining the concentration levels. Conventional calibration techniques

were used to obtain quantified data.

Ammonia enalysis was performed by using the colorimetric technique
described in previous studies (Ref. 8)+ O.IN sulfuric acid was used as the
absorbing reagent and a combination alkaline phenol and hypochlorite was
used as the dye reagent. Ammonium sulfate was used for standardization.
Measurements were made at 610 m .
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Nitrous oxide samples were obtained from the sampling points in the
system by drawing the enclosed atmosphere slowly into an evacuated 10-meter
path folded infrared cell. After equilibrium between the cell and system
pressure had been resched, infrared scans were made in the 2400-2000 cm-l
region. Nitrous oxide concentrations were determined by standard methods.
Sample absorption readings were compared against calibration curves obtained
on known nitrous oxide levels.

Results

The system dew point data 1s presented in Figure 35. Methane, carbon
monoxide, acetylene, ethylene, and ethane inlet concentration and catalytic
oxidizer removal efficiency data are presented in Figures 36, 37, 38, 39, and
40. Acetone, Freon 11, Freon 12 and vinyl chloride inlet concentration and
regenerative bed removal efficiency data are presented in Figures h4l, L2, 43,
and Lh.

Ammonia, sulfur dioxide, n-propyl alcohol and Freon 114 concentration
and fixed bed removal efficiency data are presented in Figures 45, 46, 47,
and 48. Figure 48 also presents the regenerative bed removal efficiency for
Freon 114. Freon 11, Freon 12, Freon 114 and vinyl chloride catalytic
oxldlzer inlet concentration data are presented in Figure 49. Nitrous oxide
catalytic oxidizer effluent concentration data are presented in Figure 50.
Freon 12 regenerative bed effluent concentration data are presented in Filgure
51. Sulfur dioxide, catalytic oxidizer inlet concentration data are pre-
sented in Figure 52.

Discussion

During the long-term test investigations were conducted relative to the
performance of the catalytic oxldizer, regenerative bed and fixed bed. The
following sections discuss the results of the tests pertinent to these investi-

gations.

Catalytic Oxidizer

The catalytic oxidizer operated satisfactorily for the flrst 75 days of
the test at which time methane removal efficiency started to decay. The methane
removal efficlency dropped to zero on the T79th through 82nd day of the test, Ref.
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Figure 36. The efficiency recovered for & brief period and then returned
to zero between the 10lst and 108th day. On the 108th day of the test,

the catalyst was changed and the test was continued through 193 days with
the catalytic oxidizer working successfully. The removal efficiency of the
other hydrocarbons (acetylene, ethane and ethylene) and carbon monoxide re~
mained at a satisfactory level throughout the test, Ref. Figures 37, 38, 39,
and LO.

It was originally suspected that the catalyst poisoning for methane was
caused by a failure of the 1lithium hydroxide bed to adequately control the
level of sulfur dioxide entering the catalyst bed. Sulfur dioxide was ob-
served to be entering the catalytic oxidizer at very low concentrations
(~0.03 Mg/M3) between the 56th and 87th day of the test, Ref. Figure 52.
This conclusion was based on the fact that the dew polnt of the gas entering
the lithium hydroxide presorbent was reduced approximately 13°F due to the
moisture removed by the regenerative charcoal bed. In en attempt to correct
this situation, the lithium hydroxide ‘canister was relocated to a position
upstream of the regenerative charcoal bed, where the gas moisture content would
be higher. This change was made at the same time the catalyst was replaced.
Subsequent observations indicated that sulfur dioxide was still entering the
catalytic oxidizer even after relocation of the lithium hydroxide. The inlet
concentration of sulfur dioxide to the catalytic oxidizer was still quite low
as 1in the previous exposure. Sulfur dioxide was observed entering the catalytic
oxidizer between the 127th and 165th day of the test. During this period of
exposure, no catalyst poisoning occurred. However, thils fact was not recognized
for some time. The recovery of the catalytic oxidizer performance after its
replacement was not detected immediately because at the time the catalyst was
replaced, a change was made in the gas sampling technique which resulted in
erroneously high contaminant concentrations at the catalytic oxidizer exit.
This gas samplél.ng error was caused by the use of 500 cc evacuated flasks in
lieu of the previously used tight syringe. The evacuated flask was used at
this poiat to increase the sensitivity of the analysls by obtaining a larger
sample. The larger sample, however, caused gas to be drawn into the flask
not only from the catalytic oxidlzer effluent but also from the fixed sorbent
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bed exit. Thls was due to the close proximity and smell volume of gas
between these two points. This type of sampling error did not occur at

other points In the system. By mixing gas from the fixed sorbent bed exit
with the catalytic oxidizer exit, a higher catalytic .oxidizer exit concentra-
tion reading was obtained, resulting In apparent reduced removal efficiencies.
Since this error occurred at the same time as a catalyst replacement, it was
initially assumed that the new catalyst was also poisoned. The cause of this
problem did not become apparent until the 188th dsy, at which time the analyses
were taken with the small volume gas tight syringes. During the period from
the time the catalyst was replaced until the sampling error was discovered, a
number of different attempts were made to determine the cause of the assumed
catalyst poisoning. These attempts included turning various contaminants

on and off, adding sorbent beds upstream of the catalyst, and by-passing the
regenerative bed. The degree of mixing brought about by the use of the 500 cc
evacuated flasks was established, Ref. Appendix C, and then used to correct
the removal efficlency date between the period after the catalyst was replaced
and day 189. The catalytic oxidizer was operated for another week to confirm
the removal efflciency data.

When it was recognized that the catalyst performance was satisfactory
following the catalyst replacement that took place on the 108th day, it also
became apparent that sulfur dioxide could not be the cause of the catalyst
poisoning. Additional investigation revealed that the two periods of catalyst
polsoning coincided with periods of high Freon 12 and vinyl chloride inlet
concentrations, Ref. Figure 49. The reason that it was not initially recognized
that Freon and vinyl chloride were the cause of the catalyst polsoning was that
in both instances, when the methane conversion efficiency dropped to zero, it
remained at zero for a period of time after the Freon and vinyl chloride con-
centrations had dropped. This several day lag had not been previously noted.

As can be seen In Figure 50, on test day 127, nitrous oxide was observed
in the system. The nltrous oxide concentration continued to rise from this
point on. A phosphoric acid impregnated charcoal bed was placed upstream of
the catalytic oxidizer on day 154 to ensure that no ammonia would enter the
catalytic oxidizer. It was reasoned that oxidation of ammonla appeared to
be the most loglcal source for the nitrous oxide even though previous tests
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had indicated no oxidation of ammonia with this catalyst. The nitrous
oxide concentration in the system decayed immediately after the phosphoric
acid bed was placed at the catalytic oxidizer inlet, confirming that oxida-
tion of ammonia was probably the problem. The reason that previous tests
with this catalyst did not reveal any nitrous oxide formation was probably
due to the fact that they were open loop tests. In these previous tests,
no measurable change in ammonia concentration occurred across the catalyst
bed. If, however, a slight oxidation of ammonia occurred and the system
was closed as thils system was, then the product of oxidation would build up
in concentration. This is what occurred in this test, and by the 127th day
a measurable concentration of nitrous oxide was reached. No additional
nitrous oxide was observed after the phosphoric acid impregnated charcoal
was placed at the catalytic oxidizer inlet.

Regenerative Bed

The regenerative bed was operated for 193 days. During this period of
time there were only two changes In the operating parameters. The first of
these changes was on the 60th day when the desorption time was increased from

2 to 3 hours. This was done because the bed temperature at the end of the
desorption cycle had dropped below 200°F due to a plammed increase in system
dewpoint and hence an increased charcoal moisture load. Therefore, additiocnal
time was provided to heat the bed to the desired temperature.

The removal efficiency for acetone and Freon 1l remained at 100% through-
out the test with the exception of one or two occasions where partial break-
through occurred, Ref. Figures 41 and 42. Vinyl chloride and Freon 12 break-
through was also noted occasionally near the end of the regenerative bed cycle,
Ref. Figures 43 and 4h. Since the sampling period was random, causing samples
to be taken at the beginning of a new bed cycle and some samples to be taken
near the end of the cycle, it was decided to make a careful survey of the
regenerative bed outlet concentration as a function of tima.

The results of this analysis, presented in Figure 51, which was conducted
on the day 141 indicated that the outlet concentration from the bed remains
at less than 5% of the inlet concentration for the first 24 hours of the cycle.
After this, the outlet concentration rises rapidly with complete breakthrough
occurring after 48 hours. Based on these data, it appeared that better protection
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of the catalyst could be obtained by changing the cycle time to every 24
hours. This change was made on the 1lhlst day, and no contaminant breakthrough

was subsequently observed.

Fixed Bed

The fixed bed was operated for 240 days. N-propyl alcohol which was
used to model pyruvic acld in the model system test was removed by the fixed
bed at a 100% removal efficiency until the 85th day of the test, Reference
Figure 47. At that time, the removal efficiency decayed to about 25% and the
system concentration rose to a value somewhere between 1 and 4 Mg/M3, where
it remained until about test day 200. After test day 200, the concentration
of n-propyl alcohol increased agaln, reaching a value of 10.0 Mg/M3 on test
day 219. It continued at about this level until test day 227. At this point
in the test, it was decided to reduce the flow rate through the main sorbent
bed to establish the effect on the removal efficiency and removal rate of n-
Propyl alcohol.

It was suggested that the initial determination in adsorption zone length
for the fixed bed was In error and a modification was made in the system flow
rate to attempt to verify this conclusion. Since the adsorption zone length
is a function of velocity, variations in system flow rate would alter the
bed velocity and hence the adsorption zone length. The fixed bed design is
based on an adsorption zone length of 1.0 inch and a saturated layer 7.0
inches in length, and hence the predominant portion of the bed (86%) 1s de-
voted to the saturated layer. It was reasoned that if these lengths were
correct, then a significant decrease in the adsorption zone length, brought
about by a decrease in velocity, would probably not cause a major change in
Performance of this point in time. On test day 227, the flow rate through
the fixed bed was decreased by a factor of 4. The result of this change was
approximately a two-fold lncrease in removal rate indicating that a significant
portion of the bed must be devoted to the adsorption zone. These results,
though entirely qualitative in nature, were conclusive enough to prompt
additionnl analytical investigation into the possibllity that the adsorption
zone length was In error. These investigations resulted in a quantitative
confirmation of this fact and are discussed 1n detail .in a subsequent section.
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Breakthrough of Freon 114 through the fixed bed was also premature
indicating that the initial capecity or adsorption length, data for in-
soluble contaminants was 1n error. This, however, had no impect on the
system configuration since none of the insoluble contaminants require more
than 3 CFM for control and thus adequate removal is provided by the regenera-
tive bed as was the case for Freon 114 during this test. The regenersable
bed removal efficlency for Freon 114 was 100% throughout the test.

Sulfur dioxide was controlled satisfactorily throughout the test. The
data on removal efficiency per pess was erratic, as can be seen in Figure
46. However, the average system sulfur dioxide concentration remained in
the neighborhood of 0.025 Mg/M3 and d1d not show an increasing or decreasing
trend. This concentration is equlvalent to a removal efficlency per pass
of approximately 15%. Sulfur dioxide input to the system was terminated
on the 193rd day of the test.

Ammonie removal by the fixed bed was satisfactory during the first
T5 days of the test, Ref. Figure 45. During the period between the TSth
and 105th day, the removal efficiency dropped and the system concentration
rose to 12.0 Mg/M3. At this time, the ammonla was turned off for a few days
while problems with the catalyst were being investigated. When ammonia intro-
duction was resumed, the system concentration varied between 1.5 and 4.0 Mg/M3
for the remainder of the test. The removal efficiency data was erratic; how-
ever, the system concentration did not show an increasing or decreasing trend.

The removal efficiencies corresponding to the system concentrations of 1.5 and

4.0 Mg/M3 are 80 and 30%. These efficiencies are more than adequate for emmonia

removel. The allowable concentration for ammonia is 17.5 Mg/MB. Thus, it
can be concluded that the selected quantity of phosphoric acid impregnation
of the charcoal provides adequate ammonia removal.
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MODIFICATIONS TO THE DESIGN PROCEDURE

In reviewing the data of the model system test, it appears that the
proposed design methodology requires modification to account for the
required increase in the regenerative bed cycle time and the premature
breakthrough of Freon 11 and n-propyl alcohol in the fixed bed. The test
results were reviewed and it was subsequently concluded that a single
modification to the procedure could correlate all of the experimental

observations.

The first step iIn this investigation was to determine if the performance
variation was related to the adsorption zone or the saturated layer. The
saturated layer portion of the charcoal bed was considered initially in the
event that the potential plot capaclty data could have been in error. How-
ever, an examination of the potential plot revealed that no reasonable shift
in the potential plot line could explain the discrepancies observed in the
test. Furthermore, the potential plot data have been confirmed by numerous
experimental investigations and hence, is not likely to be in error by a
significant amount.

An examination was then made of the data and procedure used to establish
the adsorption zone length and the following conclusions were reached. As
discussed previously, the adsorptlion zone length (I) defined by I. M. Klotz,
can be expressed as:

I = It + Ir

Where It is a function of the diffusion rate of adsorption molecules from the
gas stream to the carbon surface and Ir is a function of processes occurring
within the pores of the carbon. Klotz further stated that for high molecule
weight vapors 1 = I with little contribution from I while for lighter mole-
cules, it is small relative to I « Since it varies as Uo b (where U equals
velocity), and 1. varies as Ul 0, then the adsorption zone varies somewhere
between U0 b and Ul O. The experimental data taken by MSAR on adsorption zone
length was taken at a linear velocity of 1.3 ft/min and the selected desligns
utilized different velocltles, therefore, the data on adsorption zone length
had to be corrected. A veloclty correlation of UO'5 was utilized, since this

best fits MSAR experimental evidence to date.
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Examination of the long-~term test results, however, reveals that a
different exponent would have provided a better correlation.

In reviewing the data for the regenerative bed, Table 11, it can be
seen that the saturated layer was approximately 50% of what was originally
anticipeted, since the cycle time had to be increased from 48 hours to
24 hours.

Table 11

Zone Lengths for the Regenerative
Bed Based on Freon 12 Performance

Length Anticipated Actual*
Saturated Layer 8.5 inches 4.25 inches
Adsorption Zone 1.5 inches 5.75 inches
Total 10.0 inches 10.0 inches

¥*Based on full size bed.

This meant that the adsorption zone was 5.75 inches instead of the origin-
ally anticlipated 1.5 inches. Based on this data, a velocity correlation
of Ul'o provides close agreement with the original MSAR adsorption zone
length data.

Reviewing the fixed bed data In Figure 47, it can be seen that n-propyl
alcohol broke through after 35 days of n-propyl alcohol introduction at
which time the removal efficiency remained near 25% gradually diminishing.
This indicates that the saturated layer was only 1.36 inches in length as
opposed to the originally anticipated 7.0 inches. As can be seen in Table
12, this results in an adsorption zone length of 6.64 inches. Utilizing
this adsorption zone length and referring to the MSAR adsorption zone
length data, a veloclty correlation factor of UJ"O was confirmed.

Table 12
Zone Lengths for the Fixed Bed Based

On N-propyl Alcohol Performance
Corrected for

Anticipated Actual Final Design
Saturated Layer T.0 inches 1.36 inches T.0 inches
Adsorption Zone 1.0 6.64 " 6.64 "
Total 8.0 8.0 " 13.64 "
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Consideration of the Freon 114 data indicates the following: Freon 11k
breakthrough occurred almost immediately, as can be seen in Figure 48, indica-
ting that the entire bed was required for the adsorption zone. Utilizing a
velocity correlation factor of Ul'o and the MSAR adsorption zone data, an
adsorption zone length of 9.0 inches for Freon 114 was obtained which is in
excess of the 8.0 inch bed length and confirms the initial breakthrough of
Freon 114.

Thus it can be concluded, based on the regenerative bed and fixed bed
test results that the design procedure should be modified to utilize a
velocity correlation factor of Ul'o in determining adsorption zone lengths.
This is a general agreement with the theory of Klotz who postulated that
for lighter weight molecules, the adsorption zone length is predominantly
controlled by Ir which is a function of UJ"O power. The impact of this
change on the system design would be a modification in the cycle time of
the regenerative bed from 48 hours to 24 hours as stated previously, and
a modification in the length of the fixed bed. The detalls of the fixed
bed modification are presented in Teble 11. Since the required saturated
layer of the fixed bed is 7.0 inches in length and the experimental data
indicated that the adsorption zone length is 6.64 inches in length, the total
bed length is then 13.64 inches. No additional modifications need to be
made to the fixed bed to account for the increased sdsorption zome length
for Freon 114 since the 13.64 inch total length would provide over 4 inches
of saturated layer for this contaminant which is more than adequate.

The long term test results indicated a need to control the level of
ammonis entering the catalytic axidizer. This was due to the observed forma.-
tion of nitrous oxide when ammonia was allowed to enter the catalytic oxidi-
zer. Eliminating ammonia from the catalytlc oxidizer inlet durlng the test
stopped the formation of ammonia.

In the selected system, the high flow (76 CMM) fixed bed and the low flow
(3 CFPM) components are in parallel paths. This was done to provide greater
flexibllity in system arrangement and to eliminate the need to pass the high
flow rate through a pressure drop equivalent to that of the low flow components
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which would be required in a series arrangement. In the parallel arrange-
ment, the regenerative charcoal bed does not have the protection of the
fixed sorbent bed and thus, the size of the regenerative bed was increased
to accommodate contaminants not amenable to desorption that would be
controlled by the fixed bed in a series arrangement.

The quantity of charcoal required for this is approximately 1 pound.
This same quantity of charcoal impregnated with phosphoric acld to the same
level as the fixed bed (2 millimoles of phosphoric acid per grem of charcoal)
would provide adequate protectlon for ammonia entering the catalytic oxidizer.
Thus, it is recammended that in the final design that the first 1# or 20%
of the regenerative charcoal bed be impregnated with phosphoric acid. MSAR
experience indicates that no problem exists In exposing the phosphoric acid
to the regeneration conditions of temperature and vacuum.

11k



SYSTEM DESIGN

The following sections describe the design characteristics of the
catalytic oxidizer, the pre- and post-sorbent beds, the fixed bed and the
regenerative bed.

Catalytic Oxidizer

The catalytic oxidizer assembly is shown in Figure 53. The catalytic
oxidizer is 14.50 inches long, excluding end fittings, and 7.62 inches in
diameter. The weight of the unit is approximately 20.9 1lb. The unit con-
sists of an outer shield, molded insulation, and an inner body. The inner
body is made up of a regenerative heat exchanger, catalyst canister and

radio-isotope heat source.

The regenerative heat exchanger 1s a 5-pass cross-counter flow, stain-
less steel plate fin heat exchanger. The cold end i1s bolted to one end of the
cylindrical aluminum shield. The hot end of the heat exchanger terminates in
a machined flange that mates with the catalyst canister. The gas ports are
sealed with Parker metallic face seals. This heat exchanger has a very small
fin and parting sheet thickness to reduce core conduction losses. In addition,
the fin height is very low to obtain high heat transfer coefficients. The
center fin passage on the cold side is 0.146 inches high which allows for the
passage of instrumentation leads through the heat exchanger. This eliminates
the requirement for high temperature electrical penetrations into the catalyst
canister. Sintered metal plates are provided at the cold outlet and hot inlet

cone face to assure good flow distribution.

The catalyst canister is a cylindrical unit that contains the 0.5 percent
palladium catalyst and the radioisotope heat source. The catalyst is easily
replaceable from the end opposite the heat exchanger by unbolting the end of
the shield, removing the insulation section, unbolting the end of the catalyst
canister, removing the screens and pouring the catalyst out. New catalyst
can then be put in the unit and the unit reassembled in the reverse order.

The catalyst canister body is furnace-brazed and entirely constructed of
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nickel. The radioisotope 1s mounted in the center of the catalyst canister
where it is supported by posts projecting from elther end of the isctope
source. One post is slotted and held in place with a key to prevent rota-
tional movement of the isotope heat source. The other post is cylindrical,
and fits into a socket located on the end of the catalyst canister away from
the heat exchanger. Axial movement is limited with a Belleville spring
Placed in this socket. This spring also allows for thermal expansion of the
isotope. Straight fins are provided on the isotope heat source to control

the maximum isotope heat source temperature.

The isotope heat source consists of the following components: liner,
strength member, cladding, reentry member, and structural module. The
}iner provides a compatible contalner for the fuel. The strength member
provides protection during impact and contains the pressure caused by the
helium buildup. Cladding is provided for oxidation protection. A pyrolytic
graphite shell provides aerothermal reentry protection. The structural
module which contains the radial fins provides oxidation protection and heat

transfer surface area.

The catalyst material 1s located in eight compartments located between
the fins of the 1sotope heat source. A perforated steel plate and screen is
placed at one end of the catalyst compartment and a screen is located at the
other end to prevent the catalyst material from entering the heat exchanger.
A machined cover is located at the end of the catalyst canister away from
the heat exchanger to provide access to the isotope heat source and catalyst
material. This flange is held in place with bolts and sealed with a Parker

metal face seal.

The entire area between the inner body and the shield is filled wilth
molded insulation (Johns Manville Min-K 1301). The insulation is molded in
five pieces; four half-cylindrical sections to insulate the catalyst canister
and the heat exchanger, and one to insulate the catalyst canister cover.
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The aluminum outer shield separates at the catalyst cover and canister
Plane to allow access to the insulation and inner body of the unit. The
aluminum outer shield is also attached to the cold end of the regenerative
heat exchanger. The shield is painted white to provide a high emittance,
and thus reduce its surface temperature.

Fitting ends on the cold end of the regenerative heat exchanger are
per MS33666-12, for tube connections. An electrical feed-through is also
located at the cold end of the heat exchanger for instrumentation leads
and for the electrical leads of the optional electrically heated simulated
isotope. The instrumentation and electrical leads pass through the inlet
gas passage of the regenerative heat exchanger. Instrumentation consists
of recording gas temperatures at the inlet of the catalyst bed and the

isotope surface temperature.
Pre- and Post-Sorbent Canisters

The pre- and post-sorbent canisters are shown in Figures 54 and 55.
The units are constructed of 321 stainless steel and consist of a cylindri-
cal body with a flange, housing an "O" ring seal on one end and a 45° cone
outlet duct on the other end; a flanged h5° cone inlet duet 1s used for the
cover. The flange on the cover mates and is bolted to the flange on the
body. A 235 mesh screened ring is located in the outlet end of the body
to retain the sorbent in the body. A screened ring backed by a compression
spring is used to compress the sorbent material and keep it from channeling.
The spring is compressed between the cover on one end and the screened ring
and sorbent materisl on the other end. The mated sealing flange is used as
a mounting ring.

Fixed Bed

The fixed bed assembly presented in Figure 56 consists of a 14 x 17 inch
diameter shell with hso conical ends, a 12 x 12 mesh stainless steel screen
assembly at each end of the sorbent bed and a 100-pound spring acting against
one of the screens to maintain compression on the sorbent material. The
outlet end is bolted to the body through flanges and a silicone rubber gasket,
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and terminates in a 3.0 inch diameter tubing end. A LOO-cycle, 115 VAC,
l-phase blower is flange-mounted t. the inlet end and will deliver 76 scfm
air at 2.0 inches of water pressure. The sorbent bed is 56 pounds of 4 x 6
mesh activated charcoel. Mounting provisions for the assembly are incor-
porated in the body flange.

Regenerative Bed

The regenerative bed, presented in Figure 57, contains a thermally
insulated housing, screens at each end of a sorbent bed, an electrical
heater and electrically operated valves on inlet and outlet alr flow and

vacuum ports.

The housing is a welded stainless steel construction consisting of a
10 inch x 6 inch diameter shell bolted through flanges to h5° conical ends.
Each end includes a 3/4 air-flow port and a 1-1/2 inch evacuation port. 28
VDC solenoid-operated valves are flange-mounted to each port to provide
periodic evacuation of the housing interior by closing the air-flow ports
and opening the evacuation ports. The exterior of the housing is covered
with "Min-K" insulating material and an outer aluminum shell. The Tl-watt
stainless steel heater is located within the sorbent bed. The heater element
is finned and its terminals are wired to a hermetic-seal-mounted electrical
connector with lh-gauge high-temperature wires. The sorbent bed is 5.2
pounds of 6 x 12 mesh activated charcoal and is retained at each end by
a 200-mesh stainless steel screen assembly. A 15 1lb spring acting against
the inlet screen assembly maintains compression on the sorbent materilal.
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CONCLUSIONS

The program for the develomment of a sorber trace contaminant control
system has resulted in the design of an integrated trace contaminant control
system for use in a spece station. The system sized for 12 men, has the
capebility of controlling all of the contaminants anticipated to be present
in a typical spece station. The use of regenerative charcoal has a major
impact on reducing the required charcoal quantity. A fixed bed system
satisfying the same requirements needs approximately 500 1b of charcoal,
whereas the proposed system utilizes approximately 59 1b of charcoal. The
model system test results indicated that a combined regenerable sorbent bed
and 1ithium hydroxide presorbent bed can be used to successfully eliminate
potential catalyst poisons. These results also demonstrated that the
catalytic oxidizer will successfully control the hydrocarbon contaminants
that are not amenable to removal by the charcoal beds.

The final system requires a total of 125 watts of power. The welight
of the catalytic oxidizer is 20.9 1lb. The pre- and post-sorbent lithium
hydroxide canisters weigh 7.7 lb, the fixed charcoal bed weighs 62 1b,
and the regenerative charcoal bed weighs 6.6 1lb.
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APPENDIX A
ADSORPTIVE CAPACITIES

Adsorptive Capacities, Contaminant Adsorbed Singly
Adsorptive capacities were determined by (1) weight gain of the carbon
with dry nitrogen used as carrier gas, (2) weight gain under vacuum (static
CCl, activity tests) and (3) by use of the effluent concentra.tion curve. In
the last case, the conditions were reduced, pressure at 10 lb/ in® and 30%
0, - T0% N, carrier gas at relative humidities of 34% and 50%.

Table A-l presents a summary of the adsorptive capacity data for single
contaminants. Figures A-l through A-5 and Tables A-2 through A-9 present
the effluent concentrstion curves for acetone on S154 and Gl and for Freon
11 on Gl.

The differences in adsorptive capacities for the four carbons are due
to differences In pore structure. Since the super-activated carbon has the
largest total micropore volume, it has the largest adsorptive capacity at
the high concentrations, i.e., low A values. BPL has the smallest total micro-
pore volume and, therefore, the smallest adsorptive capacities at low A values.
At higher A, in the range of interest to spacecraft epplication, BPL and BD
carbons exhibit higher adsorptive capacities than the superactivated and Gl
carbon. This is an indication that the mean micropore diameters of BPL and
BD are smaller than those of the superactivated and Gl. The superactivated
carbon is the poorest of the carbons in the higher A value reglon.

The presence of moisture in the carbon at the 37% RH equilibration level
appears to have little or no effect on the adsorptive capacity of S1l54 for
acetone. The adsorptive capaclty was 0.0092 cm3 liq/g for Run 25 at 34% RH
gas stream and 0.0097 emd liq/g for Run 27 at 0% RH gas stream. Run 25 was
a regenerated carbon which had lost a small part of its adsorptive capacity;
hence, the effect of moisture at this RH level is less than the capacity
difference would indicate.

A=l



TABLE A-1
ADSORPTIVE CAPACITIES SINGLE CONTAMINANTS

Based on Weights Gain Carbon Conditions mg A

n-Octane S154 N,y 949 (mg/1) c, 749 1.5

Methyl cyclohexane BPL N, 15.8 (mg/1) Cl 319 2.5

Methyl cyclohexane Gl N,, 13.7 (mg/1) c) 450 2.6

Ter-Amyl alcohol Gl N, 29.5 (mg/1) Cy 596 1.1

Carbon Tetrachloride S154 Vacuun, 0.16 p/p 1540 2.3

Carbon Tetrachloride BPL Vacuum, 0.16 p/pO 670 2.3

Carbon Tetrachloride Gl Vacuum, 0.16 p/po 1000 2.3

Based on Effluent Concentration Table No, Fig, No.
(10 psia, 30% O, - T0% N,)

Acetone, Run 27 8154 0% RH T.3 17.6 A3 AL
Acetone, Run 25 S154 34% RH 6.9 17.6 A2 Al
Acetone, Run 29 Gl 50% RH 13.0 17.6 AL A2
Freon 11, Run 47, 49 6l 0% RH 1.8 23.0 A6 A3
Freon 11, Run 46 Gl 50% RH 1.26 A5 A3
Freon 11, Run 66 Gl with H3P0b' 50% RH 0.61 AT A4
Freon 11, Run 67 Gl with H3P0u 50% RH 0.81 A9 A5
Freon 11, Run Tl Gl with H3P°4 50% RH 0.87 A8 Al
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TABLE A-2

ADSORPTIVE CAPACITY OF S154 FOR ACETONE,

34% RH , RUN 25

Weight of carbon

Carrier gas
Pressure
Gas flow

Acetone conce.

Relative humidity
Adsorption temp.

Effluent concentration data

2.711. g
30% 0, and 70% N,
2
10 1b/in“ (ads.)
2.83 0 /min (52 £t3/min)
0.021 mg/g
34%
ambient (25°C)

Concentration, % of influent

8 E‘EE

120
140
160
180

2ko
300
360
L20
480

0.0

Pdsorptive capacity, q 6.9 mg/g, 0.0092 emS liq/g

A= 17.6
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TABLE A-3
ADSORPTIVE CAPACITY OF S154, FOR ACETONE,
WITH DRY CARRIER GAS, RUN 27

Weight of carbon 2.72 g

Carrier gas 30% 0, and T70% N,
Pressure 10 1b/in2 (abs.)

Gas flow 2.83 Iymin (52 ft3/min)
Acetone conc. 0.021 mg/8

Effluent Concentration Data

Time, min Concentration, % of influent

0 0.0
iTy) 1.1
90 0.6
120 2.2
140 0.7
160 2.0
180 8.8
200 8.6
2h0 ” 22.2
300 37.2
360 56.9
2o T6.4

Adsorptive capacity, g = 7.3 mg/g; 0.0097 emd liq/q

A= 17.6
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TABLE A-L4

ADSORPTIVE CAPACITY OF BARNEBEY CHENEY G1l, FOR
ACETONE, 50% RH, RUN 29

Weight of carbon 2.701 g

Carrier gas 30% 0, and TO% N,
Pressure 10 lb/in2

Gas Tlow 2.83 “min (52 £t3/min)
Acetone conc. 0.021 mg/g

Effluent concentration data

Time, hr Concentration, % of influent
1 0.1
2 1.3
3 2.6
N 6.2
5 12.5
6 21.5
6 5.7
7 ( 23.6
8 31.7
9 39.4

10 564
11 61.8
12 69.8
12.5 81L.6

Adsorptive capacity, q = 13.0 mg/g, 00,0173 cm3 liq/g
A= 17.6

A-10
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TABLE A-5
ADSORPTIVE CAPACITY OF BARNEBEY CHENEY G1,
FOR FREON 11, 50% RH CARRIER GAS, RUN 46

Weight of carbon 0.350 g
Carrier gas .30% 0, and 70% N,
Pressure 10 1b/in®
Gas flow 0.11 ¥ /min (3 £t3/min)
Freon 11 conc. 0.00103 mg/8
Effluent conc., Effluent conc.,
% of influent Time, hr ¢ of influent
1.7 18 4.3
1.3 34 27.2
0.8 35 31l.4
1.0 52 1.2
1.3 53 L3.2
1.8 62 49,5
2.6 62 40.9
3.8 5 47.3
5.4 76 45.0
h.s5 86 L46.1
6.2 871 79.6
8.2 99 84.7
8.3 99 84.6
TeT 100 82.9
8.1 11k 84.0
13.8 15 871.3
1.1 120 101.5
12.3 123 89.5
11.5 139 87.2
16.5 139 97.3
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TABLE A-6
ADSORPTIVE CAPACITY OF BARNEREY CHENEY G1l, FOR
FREON 11, 50% RH CARRIER GAS, RUNS 47 AND 49

Weight of carbon 0.351 g
Carrier gas 30% 0, and 70% N,
Pressure 10 1b/in
Gas flow 0.11 I‘/m:l.n (3 fts/min)
Freon 1l conc. 0.00103 mg/g
Effluent conc., Effluent conc.,
Time, hr. 4 of influent Time, hr % of influent
1 2.3 96 56.7
2 1.7 97 57.2
3 0.2 12 L5.4
L 0.3 12 56.2
5 0.9 13 T3.2
5 1.9 113 79.6
6 1.0 131 60.0
7 2.0 131 51.2
8 2.3 141 Tl.b
9 3.3 14 66.8
10 3.k 155 575
1 4.6 125 60 .4
163 93.0
Run 49 16k 99.6
2 0.3 177 104.0
19 3.0
2 3.5 178 109.5
Lo 13.7
53 26.0
65 30.6
17 ¥o.h4
89 42.0
89 36.6

A-12
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TABLE AT

ADSORPTIVE CAPACITY OF PHOSPHORIC ACID TREATED
BARNEBEY CHENEY Gl, FOR FREON 11, 50% RH, RUN 65

Carbon weight
Carrier gas
Pressure

Gas flow
Freon 11 conc.

Amount H3 PO 4

Effluent conc.,
% of influent

L
10
6
15
18

20
15
48
32
1o

A-13

0.351 g

30% 0, and 0% N
10 1b/in°

0.11 ¥ /min (3 £t3/min)
0.00103 mg/g

10% of carbon weight

2

Effluent conc.,

Time, hr % of influent
28 58
29 Th
31 103
56 88
59 98
60 86
7 106
78 115

!
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TABLE A-8
ADSORPTIVE CAPACITY OF PHOSPHORIC ACID TREATED
BARNEEEY CHENEY G1l, FOR FREON 11, 50% RH, RUN Tl

Carbon weight 0.502 g

Carrier gas 30% 0, and T0% N,

Pressure 10 lb/i.n2

Gas flow 0.11 L/min (3 £t3/min)

Freon 1l conc. 0.00103 mg/g

Amount H3P04 10% of carbon weight

Effluent conc., Effluent conc.,
Time, hr % of influent Time, hr % of influent
2 1.6 55 79
N 1.2 56 1n3
5 2.3 58 105
6 2.3 59 61
T 1.3 60 119
23 5.5 61 99
2 5.0 78 Ly
25 15 9 Lo
26 19 82 66
27 23 82.5 67
28 24 85 72
31 18 85.5 87
31.5 17 101 54
47 31 102 5k
48 20 106 Th
L9 18 106 93
50 k2 107 59
52 43
53 67
54 20
A-1lL
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TABLE A-Q

ADSORFTIVE CAPACITY OF PHOSPHORIC ACID TREATED

BARNEBEY CHENEY G1, FOR FREON 11, 50% RH, RUN 67

Carbon weight 0.503 g

Carrier gas 30% 0, and 0% N,
Pressure 10 l'b/in2

Gas flow 0.11 %/min (3 £t3/min)
Freon 1l conce. 0.00103 mg/g

Amount H3P0’+ 10% of carbon weight

Effluent conc.

Time, hr % of influent Time, hr
1 3.8 35
2 9.5 36
3 5.8 52
4 542 53
5 8.5 55
7 k.9 58

22 32 59

24 iTo) 76

25 Ly

27 L2

28 42

30 L3

31 17

32 29

33 20

A-15

Effluent conc.
% of influent

30
3h
25
36
b
68
26
L6



Adsorptive capacity studies with Freon 11 on Gl carbon show that molsture
at the 50% RH equilibration level and H3P0h_ treatment of the carbon lowers the
adsorptive capacity. Moisture in the gas stream lowers the capacity by 30%
from 1.80 to 1.26 mg/g. The carbon impregnated with 10% by weight of H3P0)+

further lowers the capacity from 1.26 to 0.76 mg/g, or another 40%.

Adsorption of acetone was not significantly affected by moisture, and,
since acetone is soluble in water, this fact suggests that water soluble contami-
nants may not be greatly affected at the 37% or 50% RH level. Moisture pick-up
at the 37% RH level can be expected to be about 1% by weight and, at the 50%
RH level, about 2% by weight. For low Vm, nonwater-soluble contaminants,
such as Freon 11, this small amount of water reduces the adsorptive capacity.

The H3P°1+ impregnant is required in the carbon to attain adequate retention
of ammonia. For the treated carbon adsorption runs, one millimole of H3P0h
was added per gram of Gl carbon from a saturated aqueous solution. The amount
of solution and concentration was adjusted so that the carbon just soaked up
the solution without the granules becoming externally wet. The treated carbon
was then dried at lSOOC until successive welghings showed that the water had
been evaporated. This treatment gave a carbon with 10% H3P0h by weight.

Adsorptive Capacities, Contaminant Mixtures

The effects which the contaminant mixtures would have on their adsorptive
capacities were studied with acebone, Freon 11 and methyl cyclohexane. The
data on these adsorption runs are shown in Figures A-6 and A-7 and in Tables
A-10 and A-1l.

When acetone is adsorbed singly, the carbon capacity for acetone is 16.1
mg/g, and, singly for Freon 11, it is 1.26 mg/g. Two separate one gram quanti-
ties of carbon can then adsorb 17.4 g of acetone and Freon 1l combined. Per
gram of carbon, the adsorbed smount of acetone and Freon 11 is 8.7 g.

When acetone and Freon 1l are adsorbed as a mixture, the adsorptive capa-
city of each decrease. Acetone capacity decreases only slightly and Freon 11
by 4ifh., The combined weight of acetone and Freon 11 that can be adsorbed on

A-16
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TABLE A-10
ACETONE AND FREON 11 MIXTURE

Eff. conc., % of influent

Acetone Freon
12.3 9.2
ll-7 13’3
25.6 1.k
28.5 19.4
38.7 28.5
37.6 22.2
36.0 33.0
38.7 32.9
"l'? 06
63.6 65.1
T1.9 64.6
59.3 83.5
71.0 65.2

Run 48 0.350 g

A-19

Time, hr

36
37
37
38
54

25
29
61
62

7

78
97
97

Acetone Freon
68.4 65.7
63.8 TTe5

66.6
48.5
85.9 T3.4
67.2 T3 .4

106.1 83.5
99.9 9l.h4
99.1 %.8
57 91.2
91.4 197
97.2 97.7T
95.6 106.1

- .
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12.5
27.5
28
30.5
33
35.5
36
52.5

68
69

81

93

935
110

111
122
122.5
133
133.5

145
156

TABLE A-11
ACETONE, FREON 11, METHYL CYCLOHEXANE MIXTURE

Effluent conc., % of influent
Run 50, 0.352 g

Acetone Freon 11 MCH
0.45 1.5
0.71 1l.b
2.3 3.6
4.8 5.0
8.6 T.1
21.4 17.7
1k.5 17.8
15.8 22.5
30.2 33.5
31.4 3L.7
66.2 68.9
68.2 60.2
95.4 94.5
102.8 117.4
110.5 100.4
100.8 106.3
85.8 78.6
89’6 7901
573 60.5
98.4 0.60
88.4 0.69
0.70
89.2 98.7
9k.7 0.77
96.9 109.3
80.9 2.6
121.6 115.8 2.7
88.6
185.4
108.7
184.8 4.2
153.5 5.4

A-20
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the same one gram of carbon is 15.7 &, or 1.8 times more than when each was
adsorbed singly. This means that they can coexist to a considerable degree
on the carbon surface. This is a steady state condition, i.e., it willl not
change with adsorption time. Figure A-6 shows the effluent concentration
curves for the two contaminants. At 90-hr adsorption time, both effluent
concentrations reach 100% of influent; hence, the 0.350 g carbon layer no
longer takes part in removing these two contaminants from the air stream.

When methyl cyclohexane is added to the mixture, the adsorptive capa-
city for acetone and Freon 1l again decreases, but steady state adsorptive
capacities could not be determined, since the runs were not conducted long
enough to bring the methyl cyclohexane effluent concentration up to its
influent concentration.

A-2]



AFPENDIX B
EXPERIMENTAL PROCEDURE FOR THE CARBON BED PERFORMANCE STUDIES

Equipment and Fxperimental Procedures

Adsorption Apparatus
Presented in Figure B-l 1s a sketch of the adsorption apparatus used
to determine the adsorptive capacities and critical bed depths of selected

contaminants on coconut based carbons.

Since very low contaminant concentrations were belng studied, special
precautions were exercised in constructing the line to exclude extraneous
contaminants which could utilize part of the carbon capacity and/or inter-
fere with the analyses of the contaminants under study. Structural parts
coming in contact with the conteminant gas stream were limited to glass,
stailnless steel and Teflon. New flowmeters, valves, tubing and stopcocks
were purchased. All components were then cleaned with water, acetone, tri-
chloroethane and acetone, in that order, and then dried in an oven at 15000
or flamed out with a hand torch where appropriate. Valves and flowmeters
were disassembled for the cleaning operation. Prior to actual adsorption
runs, nitrogen was run through the unit for at least 12 hr with periodic
flaming of the steel tubing.

The oxygen and nitrogen gases contained extraneous contaminants; hence,
it was necessary to install the activated carbon traps as shown in the upper
left section of the sketch. A Barnebey-Cheney Gl coconut carbon was used.
It was dried for several hours at 150°C before charging to the flasks.

Some uncertainty existed in that the distilled water, for the humidifier,
may contain orgaenic contaminants. To remove possible organics, the water

was redistilled from a potassium permanganate solution.

Tubing shown by a single line was 1/4 inch 316 stainless steel, and all
fittings wers Swagelock type except where connections were made to pressure
gauges and metal to glass. Tubing shown by double line were either 8 mm Pyrex
glass or plastic, as in the connections to the pumps. Metal to glass connections

Bl
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and glass to glass connections which needed to be frequently unconnected,
such as the carbon adsorption and effluent gas sampling tubes, were all

“0" ring type. These were held together with clamps with screw tighteners,
Stopcocks coming in contact with the gas-stream were Teflon bore type.
Glass stopcocks requiring lubricants were avoided.

The bank of flowmeters at the lower left were for metering prepared
contaminant mixtures of known concentration from pressurized cylinders. Upper
limit on the flovmeters was 55 cc/min for nitrogen. The contaminant mixtures
were purchased from Matheson Gas Products. The contaminant cylinder attached
to each flowmeter had the following type contaminant and concentration.

Table B-1l - Contaminant Mixtures
Conc. in nitrogen,

Flometer Contaminant Vol. %
1 Genetron 23 0.12
2 Freon 11 0.0005
3 Acetone 0.29
4 Methyl chloride 0.0024
5 Cyclopentane 0.022
6 Methyl cyclohexane 0.012
7 Ammonia 0.085
8 Methyl mercaptan 0.0029

The metered gas flow from any one, or from any combination of, cylinders
was then diluted further to the required concentrations with the humidified
oxygen-nitrogen mixture metered through flowmeters 9, 10, and 11. These flow-
meters were sized so that oxygen-nitrogen mixtures (30% 0, - T0% N2) at 73%
relative humidity could be generated up to total flows of 2.3 L/m:ln at atmos-

pheric pressure.

To insure complete mixing of the contaminant and diluent gas streams,
the combined mixture was passed through an orifice and then through a coil
as indicated in the drawing.

B-3



Excess gas mixture was generated and the excess vented through Flowmeter
1k, The required amount for the tests were drawn through Flowmeter 12 for
Adsorption Tube I and through Flowmeter 13 for Adsorption Tube II.

Valves 1 and 2 were used to control the flow through Adsorption Tube
I and Valves 3 and 4 for Adsorption Tube II. At Valves 1 and 2, the pressure
decreases from atmospheric down to 9.5 in. of mercury negative pressure. When
atmospheric pressure is 4.7 lb/inz, the reduced pressure is the 10 lb/in2
absolute as specified for these experiments. The reduction in pressure increases
flow rate by the factor 14.7/10 and reduces all concentrations by 10/14.7.
Relative humldity decreases from 73% to the 50% specified for the experiments.

Figure B-2 gives the details of the type adsorption tube used.

The chromatographic method was used to determine influent and effluent
concentrations of the carbon beds. Gas samples were collected in 200 to 300
cc volume sampling tubes, attached to the .unit as shown in the drawing. Stop-
cocks 3 and 4 of the sampling tube had Teflon bores, the upper concentration
was "O" ring type and the lower a tapered ground glass type.

The sampling procedure consisted of (1) evacuate sampling tube, (2)
expand effluent gas into tube until 10 lb/in2 absolute pressure is attained
(this was done without changing pressure or flow rate through carbon bed),
(3) direct total effluent flow through tube at required rate and 10 lb/in2
pressure for five minutes, and (4) close off Stopcock 4 and allow pressure
to build up to atmospheric. As the pressure approaches atmospheric, the flow
through carbon bed slows down and concentration increases. This introduced
a small error in the concentration determinations because of adsorption rate
change over the carbon bed. The alternative procedure would have been to
£ill the sampling tubes to 10 lb/in2 absolute and run the risk of air leaking
into the sampling tubes through the Teflon bore stopcocks.

Analytical Procedures

The analysls of the influent end effluent concentration was performed

by gas chromatography. Two instruments were used for the various analysis.

B-4
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A Hewlett Packard Research Gas Chromatograph Model 5750 with dual flame ioni-
zation detectors was used for the anslysis of the hydrocarbon compounds, and an
F & M Model 810 with an electron capture detector was used for the Freon com-
pounds. Three columns were used for the va.ridu_s a,u,a.l_y'sis -6 ft x4 mm I.D,
glass 100-120 Mesh Porapak QS; 6 £t x 1/8 in 0.D. stainless steel 80-100 mesh
Porapek and 6 ft x 1/8 in stainless steel 10% UCC-W382 on 80-100 mesh Diatoport
S, The required detection limits were attained for the hydrocarbons by a con-
centration technique whereby all the contaminant contained in the 200~300 ml
sample tubes was concentrated on a short pre-column and injected into the
enalytical colum. Sample size was determined by the calibrated volume for

each sample tube with the approprlate temperature and pressure corrections.

The contaminant concentration system is shown in Figure B-3. A 10 x
1/8 inch 0.D, stainless steel tube packed with h5/60 mesh IMCS treated Chromo-
sorb P was used instead of the usual small sample volume tube on the chromsg-
tograph valve. A Carle Instruments, Inc. micro volume valve No. 2014 was
used in this system. This type valve is stainless steel with glass and
ceramic filled Teflon sliders. The valve and sll connecting transfer lines
were maintained at above ambient temperature. The sample inlet was fitted
with an "0"-ring connector to accept the gas sampling tubes. The "normal"
sample outlet line was attached to & vacuum manifold. The analysis was
initiated by attaching the glass sample tube to the "0" ring connector on
the switching valve. The valve trap and inlet lines were evacuated and a
liquid nitrogen bath was placed around the sorption trap. By evacuating the
sample through the trap, the contaminants were concentrated in the trap and
the non=condenslibles were exhausted through the pump.

The valve was then switched to allow the helium carrier gaes to sweep
through the trap into the chromatograph. The liquid nitrogen bath was
replaced with a hot water bath and the contaminant was injected into the
chromatograph by the rapid heat-up and carrier gas purge of the trap.

The sample concentration method was not regulred for the analysis of
Freon since the electron capture detector had the required sensitivity. The

samples were removed from the sample tubes and injected intc the chromatograph

B-6
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with a gas=tight syringe. The system used for thils method consisted of a
stainless steel "tee" fitted with a silicon rubber septum and an "O" ring
connector before introducing a sample, the "tee" was evacuated. The sample
was then admitted to the "tee", and a sample was taken with the syringe
through the septum. The sample (usually 1/2 ce) was then injected into

the chromatograph.

The analytical systems were calibrated by determining the specific mass
response factor for each contaminant of interest. The compound of interest
in a suitable solvent was injected into the chromatograph, and the response
was related to the amount injected. Typical precision for five response
factor determinations during a working day was a relative standard deviation
of b,

The sampling and calibration methods were cross-checked with gas standards
mixed in 75 liter mylar bags using pre~purified nitrogen as the diluent. The
standard mixes were then sampled and analyzed by the routine method.

Sensitivities attained In all cases were adequate for the experimental
specification of at least 1% of the influent concentration.
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APPENDIX C

Derivation of Methane Removal Efficilency Correction Factor

The following section presents a derivation of the methane removal

efficiency correction factor that was applied during the period that

the 500 cc evacuated flask was used for sampling at the catalytic

oxidizer effluent.
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MAIN
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Figure C-1

Location of Catalytic Oxidizer
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Figure C-1 presents the location of the catalytic oxidizer
sampling point. C1 represents the concentration of methane entering
the catalytic oxidizer which is also equal to the methane concentration
leaving the main sorbent bed since no methane removal occurs in the
main sorbent bed. Co represents the concentration of methane leaving
the catalytic oxidizer. Cy represents the concentration of contaminant
occurring in the 500 cc flask.

Performing a mass balance where M) equals the quantity of sample
drawn in from the main sorbent exit and Mo represents the quantity of

sample drawn in from the catalytic oxidizer exit we have:

Egn. C-1 (Cm)(M1 + Mp) = CoMe + CiMp

If we let C' designate acetylene concentrations we have:

Eqn. C-2 (c'™M)(M1 + M) = CoMp + CIMp
However for acetylene Cé = 0

therefore:

CM'
Eqn. C-3 My = =— (M} + Mp)

Co
and: .

CM

Egn. C-4 Mp = (m o+ M) - =)

1

Substituting equation C-3 and C-4 into equation C-1 and solving

for Co we have:

Cl
Egn. C-5 Co= CM - Cy (_TM )
Cy
T
1 - CM
[
CMl

The actual methane removal efficiency is:

Eqn. C-6 Rr = Cc1-¢C
C1
c-2

=2
J T,



Substituting equation C-5 for C2 we have:

C]_ - CM
C1
Egqn. C-7 nr =
c, - Cy'
c]
1
Cq -~ Oy
However o is the measured methane removal efficiency and
1
1
A .
—_— is the measured acetylene removal efficiency. Therefore
c
1

the actual methane removal efficiency is:

Measured Methane 7nr
Measured Acetylene 7T

Egn. C-8 nr =



APPENDIX D
CHARCOAL BED ADSORPTION PROGRAM

Charcoal. Bed Performance Anslysis

The saturation capacity of activated charcoal for any singly adsorbed material
can be estimated from potential adsorption theory. When tests have been con-
ducted with multiple contaminants at spacecraft concentration levels, a dis-
placement effect has been observed in which materials having a low A value will
displace those having a higher A value from adsorption sites. If the difference
in A values exceeds some critical value, total displacement is observed. Based
upon these observations, this computer program was generated to estimate the
required quantity of activated charcoal for control of multiple contaminants.

The program scans all contaminants by A value and then orders them from the
lowest to highest value. It then calculates the quantity of sorbent required
to remove the most strongly adsorbed substance. Using experimental potential
Plot data, the capacity of thils sorbent section for additional substances is
then estimated on the assumption that their capacity is less than saturation
and 1s assumed linear with A value difference up to the critical A value.
The program then proceeds to the next contaminant which is not yet completely
removed and repeats the calculation. This process is continued until all of
the listed contaminants have been completely adsorbed.

In these calculations three potential plots would be used: (1) for water in-
soluble contaminants on phosphoric acid, impregnated charcoal, (2) for water
insoluble contaminants on charcoal without phosphoric acid, and (3) for water
soluble contaminants on charcoal, either with or without phosphoric acid.

In order to assess the sensltivity of the critical sizing parameters, A
critical, flow rate, time, and contaminant loadings would be inputs to the
program. The program would be used to generate the various designs for an
optimization study.

D-1
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Equipment Configuration

The main storage module of each 1108 computer contains 65,536 words of 36
bits. The EXEC II controller requires 12,288 words, leaving 53,248 words

of core available to the programmer. The OXNIP program uses only 1,594
words. The hardware structure includes two FASTRAND II mass storage units.
Each FASTRAND unit has a storage capacity of 22,020 ’09610 words and a transfer
rate of 25,590 words per second.

The 1108 EXEC II system and the IMSC accounting routine accept certain specific
cards on any job beilng submitted for processing. All control cards being with
a (master space) which is a 7-8 punch in Column 1. Figure D-1 shows the deck
setup. All necessary blanks are indicated by b

The RUN card serves as an IMSC accounting record and a job inltiation card.
It includes a run identification number and estimated run time and page count.
The sample run used 23 seconds and 50 peges. The LID control card is used to
provide additional accounting information for the 1108 system. Each run must
contain a LID control card and a RUN card or the run will be aborted.

The FRN control card calls in the FORTRAN V compiler and the FORTRAN deck

is then compiled. To execute the FORTRAN V compiled program, the XQT control
card is used with the F option. The EOF control card signals the end of the
deck. Figure D-2 presents the table input data.

D-2
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TABLE INPUT CARDS

/ DATA CARD 2

( DATA CARD 1

( VFbXQTbKOL

=~ DATA ELEMENT

Figure D-1 System Card Sequence - 1108
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DATA CARD INPUT

FORTRAN
SYMBOL DESCRIPTION UNITS
o
AVC A value cut-off MOL, 'K
ml.
. s o
DA A A Critical MOL, K
ml.
c, -¢C &
ETA Removal efficiency = 1nC ou None
in
o
F Temperature F
3/ .
QQ Flow Rate Ft.”/min.
R Multiplier for production rate None
TAU Time Days
FLAG SYMBOIS
FORTRAN
SYMBOL DESCRIPTION UNITS
KFLAG O for intermidiate output for each slice.
1 suppresses intermediate output.
TABLE INPUT (See Figure 2-2)
FORTRAN
SYMBOL DESCRIPTION UNITS
TA(1, Potential parsmeter MOL, °K
ml
TQ(1, Saturation Capacity (Soluple Contaminants) cc. /gu.
o
TA(2, Potential Parameter D@-r%f—l(—
TQ(2, Saturation Capacity (Insoluble Contaminants) ce/em.

D-y



DATA ELEMENT FOR nth CONTAMINANT

FORTRAN
SYMBOL - ~ DESCRIPTION UNITS
NAME(6,n) Name -
MAC(n) Maximum allowable concentration mg./M3
MD(n ) Input production rate gm/day
MW(n) Molecular Weight -
P(n) Saturation pressure Atmospheres
Ro(n) Input Density gm/cc.
W(n) Input Molar Volume MOL/ML
KODE Solubility Code: 1 = soluble
in water 2 = insoluble
CALCULATED OUTPUT SYMBOLS
FORTRAN
SYMBOL o DESCRIPTION UNITS
A Potential parameter MOL, °k
ml.
c(1) Inlet concentration mg/M3
Q Flow Rate Ft.3/Min.
SLICE Unit of Charcoal required to remove a given -
contaminant.
MASS Mass of charcoal in slice am.
SWM Cumulative masses of slices gm.
LDG CTMT Iowest A value contaminant fully removed by -
SLICE.
MAS(T) Mass of adsorbed contaminant gu.
MR(I) Mass of remaining contaminant yet to be gm.
removed.
D-5
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SATURATION CAPACITY q (CC LIQ/GM CHARCOAL)

10
-1

10| 50% RH (SOLUBLE CONTAMINANTS —
- ONLY)
— BD
- Dry Gas (SOLUBLE & INSOLUBLE
— CONTAMINANTS)
|

1072
— BD - 50% RH
— (INSOLUBLE CONTAMINANTS
— ONLY)
r——

1073
—
| BD-50%RH

PHOSPHORIC ACID
| (INSOLUBLE
CONTAMINANTS ONLY)

1074 L
-
B ! L | |

0 10 20 30 40 50 60

POTENTIAL PARAMETER ~ A= — 1 log &
M

Figure D-2 Potential Plot for Barnebey Cheney BD Carbon
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Program Listing

000003
ngoop02
000003
000004
000003
000008
000007
000008
000009
000018
000011
000012
000013
00001y
000013
000018
000017
gooo1ls
000019
000020
000021
00022
gogoa3l
ooo02y
0ggo023s
oogcas
000027
ooocae
000029
000030
000033
od0032
000033
00003%
000033
0:0038
000037
000033
003039
000340
0000w
000042
033043
000044
0o0ous
goocus
000047
[EJU L] ]
800049
390950
430081
griisa
003053
00005

® ELT KOL,I,T21020, 37618

5
1

2

N

£

~

o

DINERSION NAKE(200,10) ,MD(200) ,HACt200) ,RO(200),VN1200),MH(200),
1PI200) ,KOZE(2001,Q1200),A(200),£(2001 ,HDEXI200) ,NH1t290) WKSP1200)
2,001200),EM1200) ,HAS(200) ,HR(200),HM(200)

DIKENSION AAt20),8B120)

DLIENSICN MEC(200),SKN(200)

COHHON NAME ,HO,MAC,RO,VH ,MK,P KODE,EN NN
1.4,C.00

REAL NANE ,MAC,HO . HR MM

REAL MAS

CALL [KELTI9,4HOATA,2HIN,810,K)

CALL SORT1(18,AA,5200)

l=1

1E=0
CONTINUE

READIS,1C0) (NAMEI],J} ,Je1,6)

READ(9,102} HDU1) ,HACCY) (ROLT) ,¥HL]) ML), PCIY ,KODEC])

lele)

G0 T0 1)

CONTINVE

KNel-1

READ(5,104) QQ.TAU,.F,DA,ETA,AVC,R

HRITE(S,118)

MRITE(6,122)

READIS,110) KFLAO

KRITE(G,12%) QQ,TAU,F DAETA AVC,R

IF 1QQ .EQ. 0) GO 7O 12

DO 1% 1«7 . HN

CL1)=24% . 5S*MD1II*R/ [QQ*ETA)

IF (Ct1) .OY. HACCI)) CALL ELISTICCI},IE, 1 ,NAKE(T, 1))
CONTINUE

GO 1O 18

DO 16 1=1,NN

BACI) =24 . 5¢{ND(L1) ¢RI/ (MACCII®ETAD
Ctid=nACt)

HRITE(S6,126)

DO S6 1=1,NN

EALTE(G,126) (NARE(T,LY,L~1,6),8Qt1),CU1}

CONTIKUE

CONTINVE

TeiFeu39.6171.0
00 20 1=1,NN

CoePL])

ACI)=T/VILI)*ALOS10(CO/CLIN

CALL LULOCTY AL1) KODELIN)

Edt]1)=TAUKDL1)*R

LUIRSRIA 1IR3}

CONTINVE

CALL LIST

RERIND 2

MITEHS=NN100000

DO 30 1=i,NH

FYYRRLT YRR

00 22 L=2.,7

AAIL)=HARECD,L=-1)

D-7
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0033
0054



000053 32 CONTINUE 0033

000058 AM(8I=Ce]) 0038
000037 AA(9)eMD(]) 0057
0c0058 AALLD YeHACLD) 0058
000059 AdtslreROC 0059
009080 AAt12)=¥ne ) o060
000061 AAC13remut o081
090062 ARCIWI=P (L) o062
000063 AAC15)=BNOL(KODECTY) [ 1124
600064 AACIEImENCL) 006y
000069 AAC1T71«HRLD) 063
0070668 Arcrgre=Qed 0068
opocs? CALL SORT2 0067
0000698 30 CONTINVE 0068
690069 CALL SORT3 0069
600070 34 CONTINUE 0070
000071 CALL SORTw 0071t
000072 WRITE(2) AR 0o0r2
000073 GO TO 3% 0073
60007% 200 CONTINUE 007%
00007% REWIND 2 0073
000078 DO 38 [=),NN 0076
000077 READ(2) B8 0077
600078 At1)=BBI1) 007@
000079 00 38 Le2,7 079
000080 RAKE(] ,L-1)=BBIL) gos0
Q00081 39 COMTINUE 0081
cogos CiL11=CB(8) 0082
030093 HO11)+BB19) 0083
0zo008% HACU1)=BB(10) 008y
00008% RQcLI=EBCET) 0083
000008 YH(1)=BB(12) ooes
coaoe? HRC1Y=EBCL3) 08?7
oococs PLII=B3(1Y) ¢coes
oapoae KQDEZ11-000L(BBEISH) 0039
620038 ENLDI=B3 116 0090
000091 BR1}I=33117) 0031
030032 Qu11=681019) 0032
0c6093 36 CONTINUE 0093
00809% HRITE(S,118) 0894
00909% CALL LIST 0093
0C02C8 IF (GQ .EQ. 0.) CALL EX!IT 0098
cgeoa? Kei 0097
000099 Hel 0399
cggesy Ni=) 0099
020108 3 CONTINUE, 0100
0go101 K (M) KA (KD 7 (RO(KI *Q(K)D oto1
0sat02 S IH) =SHHIM-1) skH (M) oio2
603193 LRITECS, L14) M GHIH) SITM)  NT, (HAKE (N, LX) ,LX=1,6) 0103
000104 ANeALK) 010%
€a010% DO 40 J<N1 NN 0103
Ggo106 Aol .~ ((A(JI~ANI/DA) 0106
083107 IF (X% LT, 0.) x¥e0, 0107
090103 HAS ()it (NI eRICUI*QLII XN o100
CLIIce HREJI<HR{J)-BAS L) 0109
12118 IF (7AStJr (LE.Q) GO TO w2 gio
ag0111 IF (J .GE. HH) GO TQ 42 o1t
a0l W) CONTINVE oti2




[LLIRE )
00011y
000118
coolie
000147
000110
gootls
000120
[LIIFS]
ooe122
030123
8O0t
gootas
00128
090127
oooi28
oootas
000138
000131t
000132
000133
000134
000133
000138
000137
0co0139
009139
000148
(11101}
000142
000143
00014
000148
cooL4e
000147
000149
000149
000150
000134
009132
003153
030154
000158
000158
800157
000159
000159
06160
gooi8l
090162
037163
6i016%
6L016%
£oc168
050167
430168

w2

M

r

us
49

5

L)

£

100
102
104
108
107
109
(L]

LLINL PR ]

JJeJg

DO 44 JeNI NN

IF (HRLJ) .GT. [.E-%) 00 TO 48
MR(J}=0.

CONTINVE

60 T0 8

LILY]

CONTINUE

IF (XFLAG .NE. 0) GO VO 8}
HRITE(S8,120)

HRITE(6,108) C(IHAHE(],L),L=1,6) HASCI} HR(1) W, 0e] NN)
CORTINUE

Hetel

NL=N}

K=HL

G0 T03

CONTINUE

00 50 l1=1,W

NL=NR1CLD)

Ly=11

00 %2 J=),.L¥
LLLLL UL R LI )

CONTINUE

RMC (KL) =uNN

HHNe-S.

CONTINUE

HRETELE,118)

tie})

LL=KNI(1)

00 54 Jel. NN

MRITE(S,107) (NAKEC],L) ,L=1,6)
IF (LL .RE. 1) GO TO 3w
HRITE(E,109) HMCLD)
LisLlsl

LL=RHIILY)

CONTIRUE

cALL EL1IUIEY

6o T0 2

FORNATIGAS)
FORMAT(6E10.3,11)
FORMATITENIO. )

FORHATI2X ,6A5,2€16.08,110)
FOSHATI2X,6A8)

FOTHATUIHe ,38X,€16.0)

FORMATCIHO, 'SLICE",15,2X, "HASS =" ,£16.8,2X, 'SKX =* E16.0,

12X, °L00 CTHT =, 'I5,1X,0A8,/7)

FORMAT(IHL)
FORHATUIS)

120 FOSHATCLNO, 17X, "HAME* , 21K, "HAST1) " 10X, "MRE1D " GX,*'SLICE® /)
182 FONMATIGX, Q" ,TX,"TAU' (X, "F* 5%, OA CRIT' ,IX,"ETA' 6X, AVC* X,

124
126
123

1'R*, 1)

FORMATI2X,7F9.3)

FORUATOIHT (17X, "HAHE® , 21X, "8G 11X, Ctl) ', )
FORAAT(2X,6%6,4X,F3.3,ux,£16.8)

END

D-9
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s
oLy
o11s
[ 181 ]
0117
s
o119
o128
(14}
a2
o123
012
8123
olze
o127
oize
ot
si3e
013t
o132
0133
013%
0133
0118
0137
ai13e
0139
[ 20 ]
o141
[JLT
0143
01u%
0143
[ JR1 }
oty?
ci48
olus
0158
151
9132
0153
015%
0153
0158
0157
(351}
0159
0160
0161
ol62
0163
016%
e163
0168
0167
0169



oo0001)
0a0002
000003
000004
000003
000008
000007
000000
ocoood
000010
000011
ooo012
000013
00001%
000013
000018
000017
000018
000018
0gooze

v ELT ELIST,1,711020, 37616

10
100
102

SUBROUTINE ELISTI(D,.L,1,NAKE)
DIKENSION C(200),X1(200)
DINENSION NAWE(200,10) ,NN1200,1D)
REAL NAME . NN

Lelel

ciLI=D

00 12 J=1,8

HNIL.J)=NAKECL, )}

CONTINUE

RETURN

ENTRY ELLIL)

HWRITE(B,1000

IF (L .€Q. 0) RETURNM

Do 18 1=1,L

WRITE(6,102) (NNCE,L1),LY=1,6).CtD)
CONTINUE

FORMATIIHI 55X, *ERROR LIST" /718X, "HAME® 22X, CtI)*,//)

FORHAT(2X,6A6,E16.8)
RETURN
[1.1"]
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v ELT LIST,1,751Cc28, 37619

[LII]}]
oooco02
000003
00000%
600008
900008
00007
{11413
ogoooe
000010
000011
[L113¢ §
coools
00001w

SUZROUTINE LISY
DIMENSION NAME(200,10),HD(200) ,HACI200) ,ROC200),VHI200) MNI200),
tP(200).KODEC200) ,ENI200)
DINENSION At200),C1200)
REAL NAME ,MD,MH, MAC KR
COMNON NAME ,HD,HAC,RO, YN MK P KODE.EN,NR
1,A,C.00
KRITELS,1000
BRITE(G, 108) ((NAHEC(1,J),J=),6),A00),0Q,C41),MD0]) ,HACLS) ROLID,
LVCT) RHCT) ,PCY)  KODECI D, Im0 NND
100 FORHATCING, 11X, 'NAME® 26X, A°,BX, Q" 86X, 'Cel)*, 8%, "HDCI) ', 3%, "MACH
PEDY WX, PROCTD (MU, " VHET R N, MU (NY, PO X, KQDE" /)
106 FORMAT(2X,6A6,F9.3,2X,F5.1,2X,7€9.3,2%,1%)
EnD

D-11

(111}
ooa2
9003
000%
o0es
coos
0007
2008
0009
oole
ool
[ 11} 4
0013
001%



Q00001
ooocoR
800003
Q0000
00000%
6coocs
000007
6goo0s
000009
oocole
osod01t
ogooiz
000013
ooc0iN
000013
050018
ooo0t?
L1 2] ]
000019
oooo20
goo021
tooo22
togo23

e ELT Ly.1,711020, 37820

[

SUDROYTINE LULQ,A.KQDE)

DIMENSION TAt2,

501,T0(2.500

IF (L .KE. 0) GO TO 200

L=0
LeLel

READIS,150,ENO~2000 TALL, L), TACE,LY, TAER2,L),TQ(2,L)

FORHAT(4EL0.2)
00 10 2
200 00 10 J=1.L
1=
IF (TAIKODE, D)
10 CONTINUE
MRITE(S,1000 A
RETURN

13

.GE. A) GO VO 12

12 IF (1 .EQ. 1) GO TO |%

INTERPOLATE FOR 0

QeTQ(KODE,1-1)4(A-TA(KODE, I-11)*ITQ(XODE, ) -TA(KODE, [-1)})

D
RETURN

14 QeTQIXKODE, 1)
RETURN

» LINEAR FiA)

JUTAIXODE, 1 )-TAIKODE,§-1))

100 FORMAT(IHO, VALUE A',E16.08,°1S OUT OF RANGE')

(1.1.]

D.12

{11}
o092
ooo3
600
0003
on0e
9007
[L1.1]
eoos
[ 31
gonl
go12
0013
[LIL]
0018
ocis
oot?
oo:e
o019
opae
[ ]
o022
o023



000001
Q00002
000003
000004
000003
geoo008
000007
600009
c00009
000010
00001t
000012
000013
00001v
000018
gooois
000017
000010
000019
000029
ogoo21
000022
ooco23
000024
000029
0000268
000027
caoo2e
oaoo29
0g0030
000031
000032
000033
000034
00003%

v ELY RORCR,1,71

1020, 37820

SURPOUTINE ROROR(A ,NDEX)
DIMEHSION A1t200), A30200),A%(200),A5¢200),A8(2000,A7(200),
1A8(2001,A2(200),A101200)
DIMENSION A21200,10}
DIMENSION HAME(Z200,10),KD{200),.MAC(200),R0(200),VM(200) ,HH(200),
1P(200),K0DEC200) ,ENME200)
REAL NAME,MAC,HD, MR NW
COMHON NAME,HD,MAC,RO,.YM ,MH,P KODE,EN NN
00 18 I=1,kN

LeHDEXI])

Alt])=atLd

00 12 J=1,8
A2¢1,JIeRARE(L N

CONTINUE

AJtIIsHDIL)

AMLTImHACIL)

ASCtI)=ROIL)

AGLL)=YNL(L)

A7) aMu(L)

ASLLY=PeL)

ASU])=KQO0EL)

ALOCTI=ENILY

CONT INVE

CALL MOVERIAI,1,A,1,NN)

CALL MOVER(A2,10,HAME, 1D, ,NN)
CALL MOYER(AZ, 1 . ND,1,HN)
CALL MOVERI[AM, | ,HAC,1 ,NN)
CALL NOVER(AS,1,RO,1.HN)
CALL MOYERUAB,1,VM, | NN}
CALL HOVER(AT7,1 .MH,1 ,NN)
CALL HOVER(AD,) ,P.1,NN)

CALL MOVER(A9,],X0DE,.NN)
CALL MOVER(A10,1,EM NN)
RETURN

END
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v ELT DATA/IN,1,700817, 67488

000901 ACETONE ol
000002 1.022 128, .75 1. 59.08 T [{ 1] [ ]

003003 ACETALDEHYDE [ 1]
00000% 0.251 is. .78 57. w03 .213 (%]} o002
000008 ACETIC ACID 003
000026 0.02% 2.3 1L e3. 60.03 512 (11} 003
000007 ACETYLENE [.11]
000000 0.250 6ugo. .62 LT 26.0% .523 €2 aow
000009 ACETONITRILE 00s
oocote 0.023 7. .72 51, 41.0% .199 [{ 1} 003
goooti ACROLEIN 808
egoo012 0.023 0.2% .00 66. 56.08 .32 [4:1.1] oos
000013 ALLYL ALCOHOL 007
00001y 0.02% 0.%0 .78 TN, 58.08 .833 €051 007
000018 ISO-ANYL ACETATE 008
eooole 0.023 53. .70 162. 130.10 818 EoMN ooe
o000y AMYL ALCOMOL 009
000018 0.029% 38. 1.40 12%. e0.1% .210 €o0s1 (1]
000019 BEMZENE o018
000020 0.2%0 3.2 .0 96. 78.11 -390 (411 ol
og0021 N-BUTANE ol
oooo022 0.250 160, .50 98. 58.11 579 (4 k] (1)1
0oo0g2s 150-BUTANE 012
00002% 9.02% 1890. .60 10%. 58.11 .903 E£082 g12
000023 BUTERE-1 013
000028 0.230 180. .62 90. 56.10 .871 E0T2 03
009027 CIS-BUTENE-2 Ole
00goze 8.023 t8o. .63 as. 56. 1t .51 €072 olv
coo0o02e TRANS-BUTENE~2 013
000030 0.250 180. .83 e9. 58.11 .529 €072 018
6oao3 1.3 DUTADIENE otis
000032 0.250 228. .85 al. S4.09 .59% E£D072 018
000033 150-BUTYLENE 017
£0003w 0.02% 180. .62 eg. 58.10 .599 €002 017
00093% H-BUTYL ALCONOL 019
ccoo3s 0.c62 30. 12 102. T4.12 .298 E0S1 [ 2] ]
060037 1S0-CUTYL ALCOHOL 019
005039 0.02% 30. .81 102. Te.12 N8 (4111 ci9
0099033 SEC-CUTYL ALCOMOL e20
005040 0.02% 30. .81 108. Tv.12 577 [4:1:3} 020
gagov BUTYRIC ACID a2t
0J0042 0.02% (LS .82 108. 88.10 Ju9y E081 o021
002043 CARECN DISULPHIDE 022
0o00u% 0.029% 6. 1.23 62, 76.13% .902 E062 022
603CNS CARZON TETRACHLORIOE 023
o0esus 0.28 6.5 1.60 101. 153.8% .86% E062 023
065047 CARGONYL SULPHIDE oeu
aoo0us 0.02% 2.3 1.19 4s. 60.07 .677 EOTI 02%
[e2:dad ] CHLORINE [F1]
00c030 0.02% 0.3 1.58 4s. 16.94 .228 E0O! 023
06303} CHLCROACETONE 028
660552 0.025 to. 1.13 17. 02.53 67 EOTM 028
G0N0S3 CHLORZSENZENE 027
00005y 6.025 3s. .79 118. 112.56 187 €052 027

D-14




00003S . CHLOROF LUORONE THANE sn2e

000038 0.023 2, (B! 82, . 89.88 .53 €oed 0?20
080037 CHLOROF ORN 829
000038 0.250 2. 1.8 [1 8 119,38 .129  Le72 029
000059 CHLOROPROPANL 3
0000¢0 0.023 . .1 02. 70.9% .lu0  E082 (31}
000661 . CHPAYLIC ACID [1]]
000082 0.010 15.5 .153 7. w2y 487 E02) (3 1]
000063 CURENE ) (3]
000084 9.020 2s. .180 182, 120.19 .00 €072 (313
000083 CYCLONEXANE [33)
000088 0.29 100. .12 n7. .16 a4 082 033
000087 CYCLOHEXANOL . (30
080068 6.02% 28. .48 s, 198.28 S I 1 1Y) 3
000069 CYCLOPENTANE ’ 3s
000070 0.023 100, .1 100. 70.13 19 E072 38
000078 CYCLOPROPANE [37]
000072 0.02% 100. .12 (18 42.08 .863  E102 03s
600073 CYAHAMIOE [}
000074 0.02% us. .07 us. 42.Ce 582 €081 37
000073 OECALIN 30
600078 0.025 5. 184 188, 138.2% .228 €032 (1]
000077 1. 101KETHYL CYCLOHEXANE 03
000078 0.028 120. .59 182, 112.20 L7197 €082 [31]
000079 TRANS 1.2 DINETHYL CYCLOHEXANE one
000088 0.02% 126. .68 182. 112.20 56w €082 ove
000081 2,2 DIMETHYL BUTANE [}
000082 0.023 3. .62 139, 88.17 .18 E0%2 (]
000083 DIMETHYL SULPHIDE ov2
00008Y 0.028 Is. ™ 77. 62.13 .208  EOBI ov2
000083 1,1 DICHLORGE THANE "3
000088 0.250 ua. 1.12 e, 98.97 119 €072 ov3
000087 DI 1S0BUTYL KETONE [T
eopo8e 0.02% 29. .04 2c8. 192.2% .298  E072 (L1
000099 1,4 DIOXARE [L1]
000038 6.2%0 8. .83 9s. es.1s L1715 €0y ous
000091 DIKETHYL FURANE ous
000092 0.028 3.0 .0y 118, 98.12 .3%  £082 [T
000033 DIHETHYL HYDRAZINE LY}
00063% 0.023 0.1 .69 8s. 59.09 .536  EO0SI on7
000098 ETHANE [2T]
©00098 0.2%0 180. .53 52. 30.07 L3280 €382 oue
000097 ETHYL aLCOHOL g
099009 0.298 199. L™ 82, 46.07 .148  £061 oue
000099 ETHYL ACETATE 0ss
000100 0.2%0 140. .83 108. 89.10 .433  E0S1 0se
000101 ETHYL ACETYLENE (1}
080132 0.02% 180. .68 (I 54.09 612 E072 11}
000103 ETHYL BENZENE 052
0c910% 0.029 'TH .16 140. 106.16 .48 E052 032
50109 ETHYLENE DICKLORIDE 653
010108 0.028 uo. 1.28 83, 97.00 M3y E072 053
§09107 ETHYL ETHER os%
063100 0.2s0 120. .68 108. Tv. 12 .91 €081 05%
030109 ETHTL 1SOGUTYL ETHER oss
235110 0.250 200. .75 (LN 102.47 .31 €091 053
[IEbIRE] ETHYL FOOHATE 058
000112 0.2%0 30. .87 as. 74.00 .90 €061 0ss
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000113 ETHYLENE

0001w 9.2%50 180. .87 L1 8 29.03 .6u8  E072 037
600113 ETHYLENE GLYCOL (11)
o018 0.023 1t 1.60 63. 108.08 .21 E03L (L]
000117 TRANS | NETHYL 3 ETHYL CYCLOHEXANE (11)
L1310 ] 9.02% 1" N 199, 128.20 .u33  EO0N2 (L]
[ 1113} ] ETHYL SULPHIDE 080
obot2e 0.02% 97. T 12e. 90.18 .396 €081 ose
0%312t E£THYL MERCAPTAN [1]]
0gotr22 0.0l0 2.3 .82 7. 62.10 .160 €071 [1]]
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